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As ALYTICAL Chemistry, or the art of recognising differ- 
ent substances and determining their constitnents, 
takes a prominent position among the applications of 
the science, since the questions wliicb it enables ns to 
answer arise wherever chemical processes are employed 
for scientific or teclmical purposes Its supreme im- 
portanc^e has caused it to be assiduously cultivated 
from a very early period in the history of chemistry, 
and its records comprise a large part of the quantita- 
tive work which is spread over the whole domain of 
the science. There is, however, a remarkable co^itrast 
between the extent to which the technique of analytical 
chemistry has been elaborated and its scientific treat- 
ment. Even in the best works on the subject the 
latter is almost entirely confined to the giving of 
equation -formuhc, which show the results of the 
chemical reactions in question in the ideal limit cases. 
That as a matter of fact, instead of the supposed com- 
plete reactions, incomplete ones leading to a state of 
chemical equilibrium take place, that there is no such 
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thing as a perfectly msoluble substance, and that 
absolutely exact methods of separation and estimation 
are an impoaaibility — -remainB not merely unknown to 
the student, but also occurs less frequently, I fear, to 
the mind of the accomplished analyst th^m is to be 
desired in the interests of a sound criticism of 
analytical methods and their results. 

Analytical chemistry thus fills the subordinate but 
at the same time indispensable position of handmaid 
to the other branches of our science. While we every- 
where find the liveliest activity with regard to the 
theoretical arrangement of scientific material, and 
observe that questions of this kind always arouse far 
more interest than purely experimental problems, 
analytical chemistry is content with fashions of theorj^ 
which have long been disc-arded elsewhere, and sees no 
harm in presenting its results in a shape which has 
really been antiquated for the last haK-century, Thus 
we find it considered permissible to give at the present 
day (for example) K,,0 and SO3 as the constituents of 
potassium sulphate, in accordance with the electro- 
chemical duaUsm of 1820; and the case is made no 
better by the fact that chlorine is brought into the 
report of an analysis as chlorine, and its ' oxygen 
equivalent ' therefore deducted from the sum total 

We may^ however, take it for certain tliat when 
such a striking and pronounced custom holds its own 
for so longi there must be good grounds for it. And 
it must be added, without any drcumloeution, that 
a scientific foundation and system of analytical 
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chemistry have hitherto failed us becavse the general 
knowledge and laws necessary for these have not been at 
the disposal of scientific chemistry itself It is only 
within the last few years, i,e, since the development of 
the general theory of chemical reactions and states of 
equilibrium, that it has become possible to elaborate a 
theory of analytical reactions. It will be my en- 
deavour to show in the following pages to what a 
great extent light has been thrown from this quarter 
upon long familiar and daily recurring chemical 
phenomena. 

Leipzig, May 1894. 



AUTHOK'S PEEFACE 

TO THE SECOND GERMAN EDITION 

In the three years which have elapsed since the first 
edition of this book was published, the general stand- 
point of analytical chemistry has undergone but little 
change ; and, more particularly, in the nimierous text- 
books on chemical analysis which have appeared in 
the interval, or new editions of such books, little more 
than mere indications are to be found of the infusion 
of the newer ideas into the older modes of statement, 
although the insufficiency of these latter has long 
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been felt. Still tliere tire some such indicatiooö ; and 
when the first text-book on the above lines, intended 
for daily laboratory use, comes to be written (which 
it is to be hoped will be Boon)^ the wiehed-for results 
will quickly follow. 

I am the more encouraged in tliis hope by the 
mdespread and friendly interest which has been shown 
in this little book, especially by chemists more or less 
outside the circle of analysts proper. In my own 
laboratory, as well as in those of various friends and 
others holding similar views, the educational value of 
the new ideas in clearing up difficulties and en- 
couraging the studeut has been put to actual proof, 
and has stood the teat. Another encouraging sign 
is to be found in the fact that the first edition of 
this book has been translated into English, Eussian, 
and Hungarian,^ while further translations are in 
prospect ; this attempt at a new departure if^ thus 
having a fair tield in other countries as well an in 
my own. 

The present (second) edition of The Scientific 
FoundatioiiB of Analytical Chemistry has been care- 
fully revised, and a number of alterations and additions 
lia\^e been made in it; besides smaller changes, a 
nsection has been added upon electro-chemical an^Jysis." 
I have withstood the inclination to enter into greater 
detail than formerly in the second part of the book, 
in order that the original aim of presenting a general 



1 And, since the abore waa writ ten, into Japanese also» — Trans. 
3 Tbia section appeared in tlie 6rst EngUsh edition. — T/vtii,v. 
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review of the whole subject might not be prejudiced. 
Besides this, many of our present analytical methods 
require for their complete explanation a more or less 
searching experimental examination from the new 
points of view ; for, even allowing for the fact that 
we already have excellent examples of this in the 
work of Lov^n, F. W. Küster, S. Bugarsky and others, 
infinitely more still remains to be done. 

In conclusion I should like to express my warmest 
thanks to the numerous friends and colleagues who 
have assisted me in one way or another, and also to 
Dr. E. Luther and Dr. G. Bredig for reading over the 
proof-sheets and for many valuable suggestions. 

W. OSTWALD. 

Leipzig, 2nd September 1897. 



TRANSLATOR'S PREFACE 

TO THE FIRST ENGLISH EDITION 

It is only necessary for me to add a word or two with 
regard to this translation. Professor Ostwald has made 
here and there an emendation upon the original German 
edition, which appeared about a year ago, and has added 
a section of a chapter upon electro-analysis. At my 
request he has further been good enough to go carefully 
through the revised proof-sheets. I should also like to 
take this opportunity of expressing my hearty thanks 
to Professor William Ramsay for much kind help and 
criticism. 

GEORGE M'GOWAN. 

July 1895. 



TRANSLATORS NOTE 

TO THE SECOND ENGLISH EDITION 

The cordial reception which the first English 
edition of this book has met with, both in this 
country and in America, now necessitates a second 
one. The present edition ought indeed to have been 
ready six months ago, but it has been delayed by 
want of time on my part. 

As in the case of the former edition. Professor 
Ostwald has gone carefully through the proof-sheets, 
and I have also again to thank Professor Ramsay for 
his kind criticism and advice. 

GEORGE M'GOWAN. 

Ealing, London, W. 
1*7 th April 1900. 
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THE RECOGNITION OF DIFFERENT SUBSTANCES 
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[ 1 . Gcnerai Considendiom with regard ia the Foundations 
of Chemical Anali/im 

The first step in the aoliifciou of the problem — how to 
determine the Dature of any giveu kind of matter — 
follows from the knowledge of it^ properties, as these 
appeal to our senses. We find no difficulty, for in- 
stance, in pronouncing one particular substance to be 
sulphur ; if it has a yellow colour and a low specific 
gravity, and if it burns with a blue flame and an odour 
of sulphur dioxide, leaving at the same time no residue, 
we feel assured that it can be nothing else. 

In coming to a conclusion of this kind we make 
use of various empirical data^ which seem to us for 
the most part self-evident, and which do not there- 
fore receive outward expression» Thus, the number 
of properties appertaining to one particular substance 
is indefinitely great ; it is therefore not possible to 
state at once definitely, with regard to two objects, 
that they agree in cdl their properties throughout. 
But, as the result of an unexpressed induction of very 

B 
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wide applicability, we hold any such proof to be 
superfluous, for we know thai if two siibsiatwes a^ne 
pm-fedly in smne of their properties ^ the^ will a^7^ee 
%7i all 

Tliis empirical statement is nothing else than an 
expression of the corresponding fact that the number 
of different substances is limited and finite. Sioce 
the differences in the varieties of matter consist merely 
in differences in their properties, these properties and 
their values can obviously not be combinable in an 
unlimited degree, otherwise we should have an infinity 
of substances, 

Tliis allows to analytical chemistry a most desirable 
freedom in the selection of those properties which it 
utilises for the characterisation of different substances ; 
almost any one is as good as another for the purpose, 
so far as principle is concerned, but the choice actudly 
depends upon the ease and certainty with which the 
properties in question can be observed and measured. 
In many cases the determination of one property alone 
is sufficient for the recognition of the substance; as a 
rule, however, several such determinations are to be 
combined, in order to avoid any possible mistake which 
might arise from the merely approximate accuracy 
of the methods of determination and measurement 
employed. The probability of error diminishes very 
rapidly with the increase in the number of independent 
t^sts- 



2. pTOjm^ii^s 

If, under the term proper tm of any given object, 
we mean all the relations in which it can be made to 
appeal to our senses and to our measuring apparatus, 
we may at present exclude all those properties which 
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can be brought to light and altered at will, such as 
outward form, position and motion, illunoiDation, com- 
municable electric condition, temperature, and so on. 
Further, such properties as are uninfluenced by material 
or chemical changes will not serve for the recognition 
of definite substances. This applies more especially to 
the mem of bodies and to their proportional weiffht 
ThuB, ouly those properties are applicable here which 
eliange with the nature of the substances tliemselves, 
but wliicli cannot be arbitmrily altered iu any one 
substance* 

Every property can be defiued numerically, and 
can sliow an in unite diversity of particular cases 
between the limits of its values. - As a matter of fact, 
however, this infinity reduces itself practically to a 
finite number of distinguishable cases, since the means 
of determining the numerical values are always of 
approximate accnmey only. Progress in the art of 
measurement thus means a continuous enlargement 
in the number of distinguisliable steps^ without the 
theoretical infinity ever becoming attainable. At the 
same time refinement in measurement has now been 
carried to such a degree iu the case of many properties 
that the number of distinguishable cases far exceeds 
that which actually occurs. 

The properties which are made use of for analytical 
purposes may be divided into the two following 
groups : properties of cofidUion or state, and prop^'ties 
of reaction. The former are an invariable attribute 
of the object in question, and are capable of direct 
observation and measurement at any time. Among 
them we iiave, for instance, state of aggregation, 
colon r^ specific gravity, and so on. Other properties 
first come to light when the object is brought under 
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special conditions which are different from the ordinary 
ones. In this way changes of state are hrought about, 
or reactions are induced, which are chaiBcteristic of 
the particular kinds of matter. It foUows from the 
nature of things that the second group of properties is 
by far the larger and more diversified; the reaction- 
properties thus play a far more important part in 
analytical chemistry than the properties of condition. 

3. Eeactiom 

Eeactions are called forth by changes induced in 
the conditions under which the object is placed, and 
such changes may be divided into pbysical and chemi- 
cal. The most important physical change^ so far as 
our present purpose is concerned, is that of tempera- 
tnre, and the behaviour of substanceö when heated has 
always furnished one of the most valuable aids to 
chemical analysis. Other physical changes, such as 
those of pressure and electrical condition, come into 
question much less often. But far more varied are 
the chemical changes which we are able to bring about 
in the conditious of existence of any given substance. 
This is generally effected by bringing it into contact 
with other substances. The contact is most complete 
between two gases or two miscible Hquids, less per- 
fect betw^een two substances of different states of 
aggregation, and least perfect between two solids. 
It follows from this that the liquid state is by far 
the most convenient for the purpose just named, 
especially as comparatively few substances can be 
converted into gas. Thus the aim of the analytical 
chemistj so far as regards bringing about chemical 
changes, is directed in the first instance to the pro- 
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THE GRADUATION OF PROPERTIES 



duction of the liquid atat€, either by fusion or 
solution. 

In reality the recognition of substances by re- 
actions leads us back to the recognition of them 
through properties of condition ; only these no longer 
apply to the original object, but to that into which it 
has been transformed by the reaction. If we notice, 
for instance, that a precipitate is formed upon the 
addition of one liquid to another, the observation rests 
upon the fact that — under the altered conditions — -a 
sxihstance in the solid state of aggregation results. 
And the same may be said for all reactions, ao that 
the investigation of the natnre of the properties of 
condition is of importance for both groups. 



4. TJte (h'aduatian of Properties 

It has been already stated that, so far as principle 
goes, any one property of condition may be made nse 
of for the recognition of substances. The distinguish- 
ing of different kinds of matter is invariably based 
upon quantitative differences of the property in 
question. The task of determining such differences 
iSj however, one of very varying difficulty, according 
to the nature of these ; and it is usually some 
properties, whose differences can be easily and quickly 
established, which are taken into consideration. 
Among those the state of aggregation deserves first 
place and colour the second. Whether a substance is 
solid, liquid, or gaseous, and what colour it has, can 
usually be seen at a glance ; these properties are there- 
fore to be considered first in discussing the question as 
to how different substances are to be recognised. 

As is well known, we have transition stages 
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between the three states of aggregation, but these 
concern ns little at present The gradual change from 
the gaseous to the liquid state is tlie result of a 
pressure which is higher than the critical pressure. 
Since, however, the critical pressures of substances 
Yarj — roughly speaking — between twenty-five and a 
hundred atmospheres, these transitions do not come 
into play under the conditions of ordinary analytical 
operations. The changes between the solid aud the 
liquid states are of more importance. These are either 
sudden, m in the melting of ice, or gradual, as in the 
fusion of glass* The latter occurs when the solid 
body is amorphous, while the former is pecuHar to 
crystalline sul^stances. 

The above transition states may be still further 
siibdivided by the eye alone into several grades, by 
making use of very simple methods. Thus we can 
distinguish between mobile, fluid, viscous, sticky and 
solid substances, although it is not possible to extend 
the characterisation beyond four or five stages without 
other aids* 

In the ease of solids it is often quite easy to decide 
whether they are amorphous or crystalline, especially 
if we are dealing with fairly large fragments ; 
amorphous bodies show a conchoidal fracture and their 
surfaces are uneven, while those which are crystal liue 
give a fracture of larger and smaller plane surfaces. 
The point cannot always be decided with certainty by 
the naked eye when dealing with powders ; these 
require either the pocket lens or the microscope. 
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5. Colour and Light 

The colour of substances is a characteristic of very 
wide applicability» The fact tliat relatively small 
differences in the wave-lengths of reflected light affect 
the eye as differences in colour has for its result that 
this quantitative difference is converted intn a series 
of qualitatively distinct, though at the same time 
continuous, steps ; we are thus enabled to distinguish 
with ease ten, twenty, or even more grades of colour, 
and to make use of these for purposes of recognition. 
We have, however, to bear in mind here that the 
surfaces of coloured bodies radiate as a general rule a 
mixture of two different kinds of light — that which is 
coloured through absorption, and which proceeds more 
or less from the interior, and that which is thrown 
back by surface reflection, the latter being usually 
white light. The relation between these depends upon 
a number of conditions, more especially upon the 
degree of subdivision and upon the difference between 
the refraction-coefficieut of the substance and of the 
medium surrounding it. According to the amount of 
white surface light, the colour of a substance may 
vary between white and a very dark tint, which often 
approximates to black ; it is therefore necessary as a 
rule, when talking of the colour of anything, to specify 
the conditions under which that colour is to be 
observed {fXg, whether the substance is compact or 
powdery, or floating in a liquid). Most of the cases in 
point, which occur in analytical chemistry, apply to 
powders deposited from water, i,e, obtained as precipi- 
tates in chemical reactions. 

Besides the colours of substances which are pro- 
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duced by illumination in white daylight, there is 
another colour phenomenon of importance for analyti- 
cal chemistry, — coloured flames. These result when 
certain substances are heated in as nearly non-luminous 
a flame as possible (such as the flame of a Bunsen 
burner or a spirit lamp), whereby the latter volatilise 
and emit light consisting of a limited nnmber of raya 
of definite kinds and therefore of definite colours. 
This phenomenon can be observed in its simplest 
form, i.e. so far as colour goes, by the naked eye ; it 
attains, however, to an infinitely higher degree of dis- 
crimination if the light of such a flame is separated into 
its constituent parts by the spectroscope, when it 
becomes one of the most thorough and certain aids 
towards the recognition of those substances which 
yield coloured flames. 

In addition to the readily apparent properties that 
have just been detailed, there are many others which 
may be made to assist in the recognition of different 
substances, but they are all much slower and more 
difficult of application, and need not therefore be 
considered practically here. 



CHAPTEE II 



THE SEPARATION OF SUBSTANCES 



1. Gmeral Coiisideraiiom 

Fkom ivliat lias been said in the foregoing chapter it 
is apparent that the task of recognising any given 
substance, ie. of identifying it with one already known^ 
is always more or leas easy of accomplishment, and 
merely presupposes a practical system in the choice 
and tabulation of the properties which are made use 
of for this recognition, so aa to reduce tlie labour to a 
minimum and to attain to the highest possible accuracy. 
But the problem becomes far more complicated when 
we have to deal, not with a simple substance, bnt with 
a mixture ; sq/araHo7i must here precede rewgnitioyiy 
and the first-named operation is naturally much the 
more difficult of the two. 

In order to be able to separate one substance from 
several others, it is necessary to have the first in a 
condition in which it is detached from the others by 
a surface of separation. Such surfaces of separation 
occur in the first instance and chiefly when there are 
different states of aggregation, although they are not 
necessarily excluded when the state of aggregation is 
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the same. The plan of methods of separation is best 
refen^ed to the different states of aggregation, and we 
have thns to consider the following cases : — 

{a) Solids from solids, 

(h) Solids from liquids. 

(c) Liqnids from liquids. 

{(i) Solids or liquids from gases. 

{£) Gases from gases. 

The separation of snbstances is always a mechanical 
operation ; a so-called chemical separation consists in 
transforming the substances in question, by chemical 
means, into others which can be separated mechanic- 
ally. 

2. Separation of Solids from Solids 

The principle upon which these separations are 
based consists in allowing forces to act upon one or 
other of the coustituente, which transport the latter 
to a spot from whence it can be removed. 

Differences in the specific gravity of substances 
constitute the property which is the most widely 
applicable for this pnqiose. If a mixture of two 
solids be stirred np in a liquid whose specific gravity 
li^ between their own, the lighter one will rise to the 
top and the heavier one sink to the bottom, and so 
a separation will be effected. Should the specific 
gravities of the solids be known beforehand, that of 
the liquid can be regulated accordingly. But should 
this not be the case, then we have to begin with a 
liquid which is denser than both, and lower its specific 
gravity by the addition of a lighter liquid, until the 
wished-for separation is brought aboutv 

If more than two solids are present, the same 
method may be followed of gradually lowering the 
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density of the liquid. Proceeding in this way by 
short steps, the heavie^st solid falls to the bottom first 
and can be removed ; then the next heaviest, and 
so on» ' 

Aqueous solutions of potassium -raercinry -iodide, 
barium-mercury iodide, cadmium borotungstate, and 
similar salts are suitable liquids for substances in- 
soluble in water. For those that are sohible methylene 
iodide or acetylene tetrabroniide may be used» and they 
can be diluted with light liquids such as xylene. The 
specific gravity of such liquids does not, however, 
much exceed 3, so that solids of greater density cannot 
be separated by their means. In some caaes molten 
substances of liigher specific gravity may be employed 
for these latter. 

A similar procedure, though a much less perfect 
one, consists in elutriatiou or ** washing/' This method 
of separation is based upon the circumstance that 
solids in a more or less fiue state of division sink the 
more quiclvly to the bottom of a liquid the denser they 
are, A stream of liquid thus carries away a pre- 
ponderance of the less dense constituents. The 
rapidity with %vhicb suspended particles sink depends, 
however, not merely upon their specific gravity, but 
also in a very great degree upon their size, the smaller 
ones subsiding more slowly than the larger. It follows 
from this complex relation that the process is unsnited 
to exact separations. In order to derive the greatest 
practicable benefit from it, the particles to be washed 
should be made as nearly alike in size as possible, 
%vliich is best acliieved by grinding the whole to a fine 
powder. The method can only be followed on a 
practical scale when the differences in specific gravity 
are somewhat marked. 
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Beyond hydrostatic forces^ there are none known 
which are of general applicability for the separation of 
solids. In particular cases, however^ other forcesr^ 
more especially magnetic — are made use of for such 
separations. Thus, particles of iron can be I'emoved 
from a mixture by means of a magnet (for substances 
which are but weakly magnetic a powerful electro- 
magnet is employed). Magnetic and hydrostatic forces 
can also be conjoined. 

Electrostatic forces can likewise be utilised here. 
Mixtures of different substances in powder are 
electrified on shaking, the one constituent becoming 
positive and the other negative* If such a mixture 
is now brought into contact with an electrified non- 
conductor, e,g. a rubbed ebony plate, the oppositely 
charged particles are attracted to it and the others are 
repelled. I am not aware whether any application 
has been made of this for purposes of separation. 

Still another mode of separating solids might be 
based on the fact that in a non-homogeneous electric 
field the substances with the higher dialectric constants 
are driven to those spots where the intensity of the 
field is greatest. No application has been made of 
this. 

The process of separating a mixture of two solids 
by treatment with a solvent, in which one of the 
constituents is soluble and the other insoluble, does 
not come in here. It rests upon the establishment of 
two different states of aggregation for the substances 
under treatment, and therefore belongs in principle to 
the next section. 



i 



^ Hydrostatic forces can be rendered much more efficacious by teing 
joined to centrifugal force, whicli Ukewis« finds frequent application. 
This, however, introduces uo new principle into the proce<lure, 
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3. S^amtion of Liquids from SoHds—FUircUimt 

The process of separating a liquid from a solid is 
termed filtration, aud depends upon the use of a 
porous medium whose pores are smaller than the 
particles of the solid. Since the mixture is allowed 
to exert pressure upou the walls of the filter, the 
liquid is driven through whüe the solid is retained* 

Of all the methods of separation used in analysis^ 
filtration is the one which is most applied, since it ia 
the easiest to carry out and to control The separa- 
tion of gases from liquids and solids is indeed simpler 
in theory, and requires almost no apparatus ; bat the 
necessity for using large closed vessels when dealing 
with gases makes this much more troublesome than 
the handling of liquids and solids. For this reason 
separations in practical analysis are always reduced, 
if possible, to the two latter. Many different materials 
can serve for the porous medium, but only paper and 
asbestos need concern na here» The larger the 
particles of the solid are, the larger may the pores be ; 
and, since filtration proceeds with greater rapidity 
when the particles of the precipitate are large, the 
aim of the worker is always to get his precipitate into 
this state, so far, that is, as other circumstances will 
permit. A very effective mode of increasing the size 
of the particles of a fine precipitate is to allow them 
to remain for a considerable time in contact with 
tJhe liquid in which they are formed. The result of 
this is that a recrystallisation is brought about, by 
^^ which the finer particles disappear and the coai^ser 
^B are enlarged at their costj and this proceeds more 
^^ quickly the higher the temperature. Under like con- 
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ditions the fine granules of amoiphous precipitates 
coalesce to larger ones (see p, 22). HeDce the usual 
practice of digesting a precipitate in its liquid before 
proceeding with the filtration. 

The rate of filtration varies TV'ith the size of the 
pores, the pres.^ure and the temperature, and it 
increases simultaueously Tvith all three factoi-s. The 
size of the pores depends not merely on the original 
condition of the porotis medium, but also in a gi'eat 
degree upon that of the powder. Verj' fine pre- 
cipitates narrow the pores of the filter to a marked 
extent and thus retard the filtration, this constituting 
a further reason for the production of as large particles 
in precipitates as possible. 

The force of ^avity usually supplies the working 
pressure. The latter cau, however, be increased either 
by raising the level of the unfiltered liquid above that 
of the filter or by lowering the level of the filtrate 
beneath it. Tlie first of these procedures is the 
simpler to carry out on a technical scale, but it is ncjt 
as a rule very applicable in analysis, since the amount 
of liquid is usually too small for the purpose, especially 
towaMs the end of the filtration. The second method 
necessitates the shutting out of all air from the rim of 
the filter to the bottom of the attached tube, aud thus 
requires some care ; it is usually carried out by joining 
a long glass tube to the funneL 

Since tlie hydrostatic pressure depends upon the 
height of the column of liquid alone and not on its 
w^idthi it is advisable to have as narrow an extension 
tube as possible. The friction of tlie liquid famishes 
a hmit in this respect, being inversely proportional to 
the fourth power of the diameter of the tube ; it does 
not do therefore to have a tube leas than a few milli- 
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meters m diameter. On the other hand, it is quite 
uaeless to have one wider than this. 

The filtration pressure may he still further aug- 
mented hy utilising the pressure of the air. And, 
here again, there are two ways of caiT}'ing this out, 
viz. either by increasing the pressure upon the filter 
or by diminishing it underneath. Since it is far more 
important for our purpose that the filter rather tlian 
the filtrate should be easily got at, the second pro- 
cedui-e is almost invariably adopted. Filtration under 
diminished pressure was elaborated by Bnnsen more 
especially, down to nearly its last detaU, and is applied 
daily in every laboratory. 

Lastly, filtration pressure may be increased at wul 
by mechanical means, through the use of pumps, 
presses, etc. Appliances of thin nature are of great 
value in technical working, when lai'ge quantities of 
liquids requiring filtration have to be handled, but 
they are very seldom used in analysis. 

The third factor in accelerating filtration is tem- 
perature. Since the motion of a liquid in the pores 
of a filter depends upon its internal friction, the very 
gi^eat infiuence of temperature upon this property 
makes itself felt here. Thus, for example, the internal 
friction of water at 100° is less than one-sixth of what 
it is at O"*, Hence the rule, always to filter as hot as 
other circumstances will permit. 



4. Washing of Fircipitates 

The separation of the liquid from the solid is not, 
however, complete at the end of the filtration proper, 
seeing that a part of the former still remains behind 
moistening the latter ; the amount of liquid thus 
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entangled is approximately proportional to the surface 
of the moistened precipitate, and therefore augments 
very rapidly with increasing fineness of the latter. In 
addition to this there h the liquid which m retained 
iu the spaces between the particles of the powder by 
capillary attraction. To complete the separation, 
therefore^ we require to wash the precipitate after 
fLlteriug it off, and thus to displace the liquid in 
question by some other suitable one (usually water)* 
Several things have to be taken into account in con- 
sidering the theory of washing precipitates, the most 
important of these being the adso^^tmn phenomena, 
is. the adhesion of substances in solution to soli4 
surfaces. Further, many precipitates tend to "pass 
through the filter'' in the course of washing. This 
arises from the property of colloidal substances to 
become broken up in pure water, while in solutions 
of salts they remain coagulated^ aud therefore in a fit 
condition for filtering. We have thus the empirical 
rule for this case — to wash with some suitable salt 
solution instead of with pure water. The theoretical 
discussion of all these phenomena will follow later. 

The residue of the wash liquid which moistens 
the precipitate and whidi is retained by capillary 
attraction is finally got rid of by drying. And we 
have to remember here that the vapour pressure of 
the exceedingly thin films of the moistening liquid is 
mnch less than that of the same liquid in the free 
state. The drying temperature must therefore be 
raised far beyond the boiling point of the liquid in 
order to practically get rid of the last traces of the 
latter, aud the finer the powder the higher must the 
temperature be. Colloidal substances require the 
highest temperatures* 
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S. Tlieory of ike Wasfdng a/ Freüipiiates 

It a represent the quantity of the liquid under 
Itration which remains behind with the precipitate, 
and also the residual quantity of the liquid used for 
washing (assuming that the latter is mixed Tiniformly 
with the precipitate each time), then, after m liquid 
as been poured on, the total amount of liquid will be 
7n + a, and the original quantity will have been diluted 
to the (m + a)th degree. Again, if :i?^ represents the 
concentration of the substance in the original solution 
which has to be displaced, its absolute amount before 
washing has commenced is ax^. After the addition of 
a quantity m of the washing liquid^ tliis concentration 

and when this 



reduced to the fraction x^ ^ — ^*^a, 



liquid in its turn has drained through the filter until 
only the quantity a remains mixed with the precipitate, 

»the absolute amount has ^one down to c^r, = - — —' if^^n. 
A second addition of washing fluid gives the concentra- 
fcion x^ = — —X. = [ ) Xf, and the absolute residual 
amount cuv,^ = [- ] ax^, until, after n washings, the 

residue of original liquid remaining with the precipi- 
tate is 

^ It follows from this formula that, for an equal 
number n of washings, the residue ax^ will be smaller 

smaller the fraction , that is, the more 
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perfectly the precipitate is allowed to drain (whereby 
a is diminished) and the more washing liquid 7?i is 
used each time. Should the latter, for example, 
amount to nine times as much as the original moisten- 
ing solution, and should 1 gramme of foreign substance 
be mixed with the precipitate to begia with, then after 

four washings only (yq) ^^ ^^^^ 0*0001 grm., of the 

impurity would remain. 

The answer to the question— how^ can one best 
wash a precipitate with a given mnawnt of liquid — is 
somewhat düferent. To work this out requires the 
use of the differential calculus, and it will therefore 
be omitted here ; the result, however, shows that it is 
better to wash many times with small quantities of 
liquid than a few times with large quantities. 



6, Adsorption Pheiwmena 

But the results of the above calculation (which was 
first made by Bunsen) do not agree at all with 
observed facts. According to what has just lieen said 
it would, under ordinary circumstances, be quite 
sufficieut to wash a precipitate four times with a 
quantity of liquid ten times that of the solution 
adhering to the precipitate, whereas experience has 
taught us that a precipitate is far from being pure 
after being washed to this extent only. This disagree- 
ment arises from the false assumption that the amount 
of impurity on the filter is reduced to the mth part 
by mixing the precipitate with (m— 1) times the 
quantity of water and filtering off (m — 1) parts of 
liquid. That is not the case ; for we have omitted to 
take into account in the above statement the pbeno- 
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meüOQ of admrption^ or surface condensation on solid 
bodies, ix. the fact that in contact-surfaces between 
solids and liqiiida, the coucentratioü of the dkaolved 
substance is different from and nstially greater than in 
the rest of the solutioTi, From this circumstance the 
amount of dissolved substance remaining with the 
precipitate after tlie latter has been drained is always 
more than would correspond to the c[uautity of adher- 
ing liquid, and, further, the amount which is removed 
bj each washing is smaller than it would be on the 
above assumption. Both of these causes unite to render 
the washing of a precipitate less thorough than the fore- 

I^oing theory would lead na to expect. 
Almost nothing is known yet about the laws of 
adsorption. We can merely say that the amount of 
adsorbed substance iä veiy probably proportional to 
the surface -area, and is also a function of the 
nature of the solid and dissolved bodies and of the 
concentration of the latter. With respect to this 
function, a knowledge of which would be requisite to 
H the formulation of a rational theory of the washing of 
pi-ecipitates, nothing more can be said than that with 
a given nature and extent of surface, the amount 
B adsorbed is most likely not quite proportional to the 
concentration, but diminishes more slowly than the 
latter, 
H To consider the behaviour of a precipitate upon 
washing, on the simple assumption that the amount of 
impurity adsorbed is proportional to the concentration 
of the solution,^ let the ratio between the adsorbed 

^B ^ The amount ndaorbeJ catmot depend upon the absolute amonnt 
of the diaaolved aubatance or of the solution, for, if we iTnagme 
the anbstani-fl adsorbed bj the solid to be in eqiiilihriuni with the 
I solution, thia equiUbrium could not be destroyed by dividing the 
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amount x and the eoocentration of the aohition c be h^ 
m that the relation is 

If now a quantity m of the washing liquid he 
added to the precipitate, which has originally adsorbed 
the amount x^ of the dissolved substance, the residual 
quantity m^ will be determined by 






= fc^j 



seeing that the amount {^^ — x^ has gone into solution, 
and has given with m of the solvent the concentration 

^^^, n, when this solution has drained away 

thoronghly, a further amount m of solvent is poured 
on to the filter, the now residual portion x^ of the 
adsorbed substance is given by the analogous equa- 
tion — 



Eliminate '^ = , — ^ from this, and we get 

and, generally, for n washings 

This equation is simüar in form to that given on 
p. 17, excepting that here the amount of washing 
liquid m is multiplied by a coefiBcient k In other 

solutioD into two parts at any given spot bj a partition, ^hd removing 
tlmt portton of tho solution which was outäid^ the latter. 
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worda, the difference between the washing of a pre- 
cipitate whea we take adsorption into consideration 
and when we do not, is that in the latter case the 
action of the solvent is only partially accounted for. 

Aa already stated, it is improbable that h conld be 
taken as constant in the case of highly dilute solutions 
also. On the contrary, the presumption is that it 
diminislies rapidly with the diminution in the amount 
of adsorbed substance, thus further lessening the 
action of a prolonged washing. At any rate the 
difficulty which one experiences in actual practice in 
washing the last portions of an adsorbed substance out 
of a precipitate points to the coefficient k behaving in 
this way. 

In the above calculation no account has been taken 
of the liq[nid retained in the pores of the precipitate 
by capükry attraction. It is easy to see, however, 
that if this were considered the resulting formula 
would be similar in structure to the one just given, 
although somewhat more complex ; the residual portion 
of the impurity decreases continuously in a diminishing 
geometrical series w^lth the number of the washings. 
Here, again, the rule holds good to add the wash-water 
in small quantities at a time, and to allow each portion 
to drain off thoroughly from the filter. 

Adsorption effects are produced not merely by the 
precipitates themselves, but also by the filtering media, 
more especially by the cellulose of filter paper. In 
accordance with the end in view a finely porous texture 
is aimed at here, which is very favourable to the de- 
velopment of considerable adsorption actions. In an 
ordinary filtration we have only to consider the case 
of a small un -ribbed filter, which in washing is com- 
pletely filled with water, in order that the edges too 
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may te thoroughly cleaned. The ahove effects, how- 
ever, become of consequence in those frequent cases 
in which a muddy hquid is only partially filtei-ed 
through a dry filter, in order that some analytical 
estimation may be made in a given volume of the 
filtrate. TJm first d^'o^ys of the filtrate must therefore be 
discarded, as they are much less concentrated than the 
rest of the liquid, in consequence of adsorption by the 
filter paper. The filter very soon reaches a state of 
equilibrium with regard to this adsorption, and the 
subsequent runnings possess the same degree of 
concentration as the original solution, 

Allialine liquids show tliis plienomeuon in a marked 
degree ; solutions of acids and neutral salts less. 



7. The Eiüargenunt of the Crystalline^ Grahis 

The fact, already mentioned on p. 1 o, that a fine 
powder of a crystalline precipitate is gradually con- 
verted into lai^er grains by digestion in the hquid, is 
of very wide application» The cause of this is to be 
sought for in the surface tension which exists on the 
boundary surfaces between solids and liquids, as on 
those between liquids and gases ^ — the so-called free 
surfaces of liquids. This tension aöts so that the 
surfaces in question are reduced in size, with the 
consequent enlargement of individual crystals (the 
total amount of precipitate remaining practically \m- 
altered), i.e. with the coarsening of the grains. 

This change is brought about through the smaller 
crystals of a precipitate being somewhat more soluble 
than the larger. It is true that this dißference in 
solubility has not yet been proved experimentally, and, 
being so slight, it is hardly likely to be proved for 
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some time to come. But, from the above-inentioned 
considerations with regard to surface teusioD, this con- 
clusion followa of necessity from the nature of the 
energy concerned* Through this difference in solubility 
of the larger and smaller crystals, the liquid remains all 
the time supersaturated with regard to the former ; the 
small crystals must therefore dissolve and the large ones 
grow. 

But, it may be asked, how can this be explained 
in the case of insoluble aubstaucea? The answer is 
that there are none such. We have to go on the 
principle that every sitbäame is soluble ; the degree of 
solubility may vary greatly, but it can never be re- 
duced to zero. It has in fact lately become possible 
not merely to prove but also to measure the solubility 
of such (virtually) iüsoluble compounds us chloride, 
bromide aud iodide of silver. 

The rate at which this change progi-esses depends 
upon various circumstances. Thus, it increases with 
the solubility of the substance ; this is so marked 
that somewhat soluble precipitates like magnesium- 
ammonium phosphate usually come down coarsely 
crystalline at once, or at least become so in a very 
short time. Again, the change proceeds more rapidly 
at a high temperature than at a low one. This 
depends on the one baud upon tlie increased solubility 
vrhich most bodies show with rise of temperature, and 
on the other upon the much greater rate of diffusion 
of the dissolved substance, whereby its transport from 
the points of solution to those of deposition is facilitated* 

The production of coarsely crystalline precipitates 
is to he aimed at not merely because these can be 
filtered off quickly, but also because they are purer and 
easier to wash than very fine ones. For the amount 
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of impurity from adsorptioQ is proportional to the 
surface, and is therefore smaller the coarser the grains 
are. Eut there is a limit here too, sinee large crystals 
readily enclose some of the mother liquor, which cannot 
of course be got rid of by washing. So far as is 
known, however, this never occurs in snch crystalline 
precipitates as we obtain in actual analysis. 

8. Colloidal Precipiiatm^ 

Many amorphous bodies possess the property of an 
indeterminate solubility in water. The solutions which 
they form differ to some extent from ordinary solutions, 
standing between the latter and mechanical depositions 
or suspensions. From those solutions the substances 
in question are thrown down by various causes, auch 
as warming, the addition of foreign bodies, and evapora- 
tion \ many of them are thus made to lose the property 
of re -solution or re- suspension in water, while others 
still retain it. This capacity is, however, destroyed in 
probably every case by heating to redness. 

Ferric oxide, alumina, silicic acid and most of the 
precipitated metallic sulphides belong to this class. 
They occur in analysis as gelatinous or flocculent pre- 
cipitates, and are usually difficult to wash, since their 
fineness causes them to stop up the filter, while they 
also tend to pass through the latter after being washed 
for some time. 

The tendency of substances to form colloidal or 
pseudo - solutions varies considerably ; for analytical 
purposes it is best reduced to a minimum. 

All substances of this kind are thrown down by 

* See Picton aiäd Linder's palmers on this subject in the Jo^irnat of 
the Ohemiml Siiciety for 1892 {Trans, pp, 114, 137 aud 148), and 1894 
(Fim, pp. 166 169). 
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salt solutions; acids and bases act upon them in the 
same way, only more strongly as a rule — -that is, of 
course, when these give rise to no chemical changes. 
The nature of the salt seems to exercise little influence, 
but the requisite concentration depends upon the nature 
of the colloid* If the salt solution is got rid of or 
diluted beyond a certain point, many of the precipitated 
colloids pass again into solntion ; others become changed 
by precipitation and are thus rendered msoluble. The 
latter is probably the more common, but the trans- 
fomiation takes place so slowly in many cases that it 
nnot be conveniently observed and made use of 
Since salts, acids, or bases are usually present when 
such substances are thrown down in analysis, the latter 
generally appear as precipitates ; when, however, the 
solution becomes diluted by washing, a point is reached 
at which a pseudo-solution may be reproduced. This 
begins in the npper layers of the precipitate. The 
resulting pseudo-solution meets in its passage through 
the remainder of the precipitate and tlie filter with 
more of the concentrated salt solution, and again 
undergoes precipitation in the pores, the latter being 
thus narrowed and the filter choked* The pseud o- 
lution ultimately penetrates the filter itself, or, as 
we say, the precipitate " goes through." 

In order that this may be avoided we have to take 
care that a sufficiency of concentrated salt solution 
remains always mixed with the precipitatCi and for 
this purpose a solution of some salt is to be used in 
washing instead of pure water itself Since any salt 
produces the desired effect, we naturally choose one 
which can be afterwards easily got rid of, i.e, a volatile 
salt such as acetate of ammonium. If the solution 
has to be boiled, as in the separation of titanic acid 
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animoiiium acetate cannüt be employed ; instead of it 
sodium sulphate is to be taken. 

In a few inatances we obtain colloidal substances 
in analysis from solutions in wliicli no salts are present, 
e.g. when a pure aq^ueous solution of arsenious acid is 
acted upon by sulphuretted hydrogen. Here no pre- 
cipitate is formed J but a Bemi^transparent liquid which 
passes through a filter unchanged. To convert this 
into a filterable liquid, we must add either a salt or an 
acid to it, when the well-known yeOow flakes separate 
sooner or later, according to the degree of concentration. 

A secoud condition, which is favourable to the 
management of colloidal precipitates^ is a somewhat 
high temperature* Many colloids separate completely 
when their pseudo-solutions are warmed ; all of them 
change at higher temperatures into denser and less 
easily suspendable forms. Silicic acid, for example, 
becomes insoluble after prolonged drying over the 
water-bath, and alumina filters much more readily 
when digested for some hours in the liquid from which 
it has been precipitated. 

The phenomena of adsorption are developed in a 
very high degree in the case of colloidal substances 
because of their extremely fine state of division, and 
retard the washing to such an extent that it can 
often not be finished within a reasonable time. This 
difficulty, however, is likewise lessened by all those 
condiüons which go to render the precipitate more 
compact. In particular, adhering impurities are usually 
much more easily washed out after the ignition of the 
precipitate than before, the greatest degree of " con- 
densation " being produced by this strong heatiog, 
sometimes indeed transformation into other, probably 
crystalline, forms. As a result of this condensation 
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Um surface is iimterially reduced» and, with that, the 
greater part of the adsorbed substance is liberated. 
A chemical tmiiaformatioii has a similar effect. Cobalt 
oxide, which has been thrown down by potash, cannot 
be washed free from the latter; this, however, is 
readily done from the metallic cobalt obtained by 
reducing the oxide with hydrogen. Due regard must 
always be paid in cases of thia kind to any possible 
chemical interactions which may take place between 
precipitate and adsorbed substance upon ignition. 



9. JJecantation 

Decantation offers a still simpler means of separating 
solids from liquids than filtration. Here the two sub- 
stances are allowed to divide into layers, in virtue of 
the difference in their specific gravities, which Is 
genemlly considerable, the (lighter) liquid layer being 
then poured off. It is not possible, however, to carry 
out a quantitative separation in this way j so the 
procedure is merely applied in analysis as an aid to 
filtration, the liquid being run through a filter, wliich 
retains any particles of solid. The washing can be 
done in the same way, with a great saving of time, 
when dealing with very fine or colloidal precipitates 
wliich would readily clioke up a filter. Substances 
which pass through a filter (such, for instance, as 
arsenious sulphide in pseudo-solution) do not deposit 
from the solution in which they are held ; the reason 
for this is the same in both cases, and the same remedy 
applies to both (cf p. 25). 

Deposition can be hastened to a great extent 
by centrifugal force, which intensifies the separating 
pressure-differences in a marked degree. 
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1 0, Separaiwn of Liquids from Liquids 

The direct separation of one liquid from another 
can only be carried out in those cases ivhere the liquids 
neither mix through nor dissolve in one another. 
Strictly speaking, of coui*se, every liquid dissolves to 
some extent in every other, but this mutual solubility 
is often so slight that it may be practically disregarded. 

Admixed liquors are separated by letting the heavier 
sink to the bottom of the containing vessel, which can 
also in certain cases be facilitated by centrifugal action; 
they are afterwards separated mechanically either by 
means of siphons, or, more conveniently, by a separat- 
ing funnel. The sn^aller the dividing surface between 
the two liquids is, the more easily and thoroughly can 
the separation be eflected. 

This method of separation is applied in analysis in 
shaking up two non-miscible liquids together, when 
the object is to concentrate in one of these some sub- 
stance which, while soluble in both, dissolves in them 
in difierent degree. A practically complete separation 
can only be achieved in this way by repeating the 
operation several times. 

IL St^ration of Gmesfrom Solids or Liquids 

On account of the gre^t difference in specific gravity, 
gases and vapours separate very easily and quickly 
from solids and liquids, so that much use is made of 
this procedure. Since, however, only a comparatively 
small number of substances are gaseous at the ordinary 
temperature, the separation is generally carried out at 
a higher one, ie. either under distillation or sublimation. 
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la thia latter case the process is particularly easy of 
control, seeiDg that the substance in question merely 
becoTnes gaseous for the moment, relapsing back on 
condensation to the liquid or solid state. In this way 

[the large amount of space required to hold any con- 
siderable amount of gas is dispensed with ; and, since 
the condensation of the vapour is induced in an 

[apparatus designed for the purpose, a very convenient 
and almost complete separation is effected. The only 
part of the vapour wliich remains unseparated is that 
which fills the distilling vessel at tbe close of the 
operation, and even this can be expelled by leading in 

, some other suitable gas or vapour* 



12. Sfparaiion of Gases from one another 

Since all gases — in so far as they do not affect one 
another chemically — are miscible in any proportion, 
the direct separation of a mixture of gases into its 
constituents cannot be carried out by mechanical 
means. A partial separation can be made by tUffmio7if 
seeing that light gases diffuse through others or through 
any porous material more quickly than heavy do. But 
it is impossible to effect a complete separation in this 
way, and consequently the method has been applied 
more for tbe purpose of proving the presence of 
different constituents in a mixture of gases than of 
separating them from one another. 

The use of porous partitions often permits of much 
better separations than free diffusion into another in- 
different gas, especially as the process can be repeated. 
There are permeable materials which appear to render 
a complete separation possible in the case of individual 
gases ; for instance, hydrogen passes readily through 
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heated palladium or red-hot platinum, while all other 
gases are stopped. It seems, however, to he tolerably 
certain tliat we have here not merely a simple sieve- 
effect, but that there is an intermediate action of the 
nature of solution or chemical combination. 

The different extent to which different gases are 
absorbed by poroiis solids may also furnish another 
method of partial separation* Pmctical use is made of 
this property in the removal of bad-smelling gases from 
the air by freshly ignited charcoal, although it has 
hardly been applied so far to analytical purposes. 

All these methods of gas - separation are very 
imperfect. Consequently, when a complete separation 
is required, one of the gases has to be transformed — 
usually by some chemical change — into a Uquid or 
solid, which can then he isolated from the other gaseous 
constituents without any trouble. 





CHAPTEE III 

PHYSICAL METHODS OF SEPARATION 

1. General Considerations 

After one has considered the possible cases in this 
problem of separating several substances, and has 
examined these with respect to their practicability, it 
is seen that there are certain instances {e,g, among 
miscible liquids and gases) which do not allow of a 
separation, or, at least, of one sufiSciently exact. In 
other cases, again, experimental or other difficulties 
occur. It is therefore necessary here to change the 
material under examination into some other state, in 
which the wished -for separation can be easily and 
completely carried through. Those latter (favourable) 
cases consist in solid-liquid, liquid-gaseous, or solid- 
gaseous combinations, into which the original ones 
must be brought by some suitable procedure. 

Alterations of temperature and the use of solvents 
are the means by which such changes can be effected. 
The first of these is mostly applicable to those cases 
in which one of the constituents can be vaporised. 
For the direct separation of a liquid from a solid can 
never be complete, on account of the residue of liquid 
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wh-ich always remams behind moistening the solid ; 
and subsequent washing is not possible here, as when 
separating solutions from precipitates* On the other 
hand, the use of solvents is preferred for the separation 
of solids from liquids. And, since there are many 
more substances capable of solution than of vaporisation, 
the latter procedure is followed to much the greater 
extent. 

Thus the aids to bringing about suitable conditions 
for separation are restricted for the most part to the 
two methods of distillation and solution. If those 
should not be feasible, chemical means must be brought 
to bear, and these will be considered later on. 



2, The Theory of Dktillatwn 

Speaking generally, every solid or liquid can be 
converted iuto vapour at any temperature, but this 
change may be said only to take place in a measur- 
able degree in the case of certain substances (not in 
all), and above certain limits of temperature, which are 
different for different bodies. The law of this tmnai- 
tion is simple and applicable all round. It is this— 
conversion into gas or vaporisation takes place so long 
as the gas or vapour has not reached a certain degree of 
concentration at the surface of the vaporising substance, 
this concentmtion being dependent only upon the 
nature of the latter and upon the temperature ; and, 
without any exception, this characteristic concentration 
increases with rise of temperature. 

The above law is usually put in this way — that, 
corresponding to each temperature, there is a parti- 
cular vapour pressure. In the case, therefore, of other, 
gases being present, the partial pressure of the vapour 
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in question must be given» Bat tlie only way of 
getting at this is to determine the proportion between 
the quantity of this vapour and that of the other 
gases, and, after dividing these by the corresponding 
specific gravities, to distribute the total pressure in the 
ratio of the numbers thua found The definition 
which has been given, however, possesses the advantage 
over this of greater simplicity, since the measurement 
of the concentration involves merely a knowledge 
of the amount and the volume; certain abstract 
difficulties vnth respect to the partial pressure are also 
avoided by it. 

It must be again emphasised that in this law we 
have merely to do with the concentration, i.e. the 
partial pressure of the vapour itself. Whether other 
gases or vapours are present in the same area has no 
influence on the equilibrium (or at least only a secondary 
influence, which need not be referred to here). 

Distillation is thus a very simple matter in the 
case of substances whose vapour pressures differ widely, 
ie. practically speaking, in the separation of volatile 
from non -volatile bodies. The temperature of the 
mixture is raised to the boiling point of the volatQe 
constituent, or, in other words, to the temperature at 
which its vapour press ui-e just exceeds that of the 
atmosphere, and the volatile portion is condensed by 
cooling if wanted. At the end of the operation the 
distilling vessel remains filled with the vapour of the 
volatile constituent ; but the latter can be displaced 
by a current of some indifferent gas, the apparatus 
being constructed with this end in view. 

Since the boiling point depends upon the external 
^ssure, it can be lowered, if desired, by reducing the 
latter. For this purpose the distilling apparatus must 

D 
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be construcfced air-tiglit^ and the air pumped out of it 
before beginning to distil Seeing that we have only 
to do vnth partial pressure here, we can achieve the 
same end by the admixture of anotlier gas or vaponr, 
i.e. by distilling in a current of gas or vapour. WTiich 
of those two should be chosen will depend on the cir- 
cumstances of the casa If the distillate is to be 
collected, a current of vapour is preferable, since a 
mixture of vapours can always be condensed without 
losSj while an admixed gas carries away with it a 
quantity of the volatile substance corresponding to its 
own volume, and to the vapour pressure of the latter 
at the temperature of the condenser. But, should the 
distillate not be wanted, it is often more convenient to 
distil in a current of gas. 

The amount of the volatile vapour carried off by 
the current of gas is^as just stated — proportional to 
its vapottf pressure at the temperature of distillation, 
and to the volume of the admixed gas. If B is the 
barometric pressure and p the vapour pressure at the 
temperature in question, the volumes v and V of the 
two ingredients of the gaseous mixture stand in the 

ratio of the partial pressure g^— ^ aiid the volume of 

vapour V of the distilling substance at the atmospheric 



pressure B is v^Y- 



P 



on multiplying this value 



by the vapour density, the weight of the distillate is 
obtained. 



3. JMsHllation of Mixed Liquids 

Two liquids Aiay either not mix at all, or they may 
be miscible partially or completely and in any propor- 
tion. The first-mentioned case is to be regarded as 
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the theoretically impossible limit, wliich, however, is 
often nearly enough approximated to for practical pur- 
poses. The theory of the distillation of non-miacibk 
volatile liquids bas just been given, under distillation 
in a current of gas, of which it is merely a particular 
case. But the temperature of volatilisation here, unlike 
that above, is no longer to be chosen at will, but is con- 
ditioned by the boiLing point of each of tlie two liquids 
at the partial pressures of their vapours ; both of 
those bouing points are necessarily identicoh and lie 
below the boiling temperature of the more volatile 
ingredient, seeing that its partial pressure is of neces- 
sity smaller than the total pressure, or than that of 
the atmosphere. 

The quantitative propoxtion between the two sub- 
stances under distillation remains constant in this case, 
so long as both liquids are present in the retort. 
If p^ and p^ represent the two partial pressures, and 
d^ and d^ the two vapour densities, then the relative 
weif^hts m^ and m^ are in the ratio — 






^K The same laws hold good if one of the two sub- 
f^ stances is a solid, and insoluble in the other, 
I The two substances are, of course, readily separable 

in the common distillate, seeing that we are going on 
the assumption of their being non-miscible. Where, 
then, woxdd be the object of such a distillation ? As a 
matter of fact it is only made use of in place of dis- 
tillation in a current of gas or vapour (whicli has been 
already explained), in order to separate some volatile 
substance from others which are n on- volatile. 

If the two liquids are partially miscible, in the sense 
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that Bome of the first dissolves m the second and vice 
ve}*sa, but that the two solutions bb a whole do not 
mix, the above laws still hold good in part In the 
first place, emphasis has to be laid on the fact that 
both solutions have the same vapour pressure, seeing 
that they are both made up of the same constituents. 
One therefore obtains a constant mixture of the two 
substances on distillLng, so long as two layers are 
present in the retort, and this mixture again sepatutes 
in the receiver into two non-miscible, mutually saturated 
solutions. It is thus impossible to effect any further 
separation by such a distillation ; the case, therefore^ 
does not concern us in analysis* 

But if tlje two non-miscible portions, A with some 
of B and B with some of A, are each distilled alone, 
a further separation can of course be brought about. 
This comes, however, under the distillation of homo- 
geneous solutions, to which we shall now I'cfer 

In homogeneous mixtures of volatile substances, 
the combined vapour pressure is always lower than 
the sum of the vapour pressures of the constituents at 
the same temperature, the vapoiir pressure of any 
volatile body being always dimimshed by the solution 
of some other in it. 

The behaviour of homogeneous mixtures on distil- 
lation is most easüy under- 
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stood by making a graphic 
representation of the com- 
bined vapour pressure as 
a function of the com- 
position. If, in the sub- 
joined figurCj the ordinate 
aa represents the vapour 
pressiu*e of the first liquid, and the ordinate hß that 
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of the second, then the vapour pressures of all possible 
mixtures of both, drawn according to their percentages 
between a and h, will form a continiious isothermal 
curve corresponding to one of the three types I, II, 
and III. In other words, we shall either have a 
mixture whose vapour pressure is higher at the 
same temperatiure than that of all the others (curve 
I), or lower than these (curve III), or, finally^ 
mixtures with vapour pressures between those of the 
several liquids, without any maximum and rainimuin 
(curve II). In the first type (I) the boiling points 
of the mixtures lie below the mean value, and we get 
the mixture of lowest possible boiling point; in III 
we have the mixture of highest possible boiUng point ; 
while II includes all the boiling points of mixtures 
which lie between those of the two constituents. Kow 
the law holds th-at^ in the case of the mv^ltim which 
possmses the highest or the lowest boiling point, the vapour 
must have the Bmne compöuiion as tJbc liquid itself. 
Such mixtures consequently behave as homogeneous 
liquid S| and they cannot be separated by distillation. 
It follows therefore that liquids belonging to types I 
and III can only be resolved by distillation into (1) 
the particular mixture of highest or lowest boiling 
point, and (2) the liquid which is present in excess 
with respect to that mixture, any fiurther separation 
being impossible in this way.^ 

In case II, however, a more or less perfect sepam- 
tion can be effected. If any given mixture of such 



J Such mix tares of constant boiling point {e*g. of hydrochloric acid 
and water) have often been regarded &s cbemical Compounds, but 
wrongly so. The fact that they are nnt is proved by their compositions 
altering continuously ^ith alteration of the prca^uro under which they 
are distilled. 
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liquids be raised to boiling, the ratio between the two 
constitaents in the vapour will be dififerent from that 
in the liquid ; the composition of the vapour will shift 
towards the ascending aide of the vapour pressure curve, 
and the composition of the liquid in the opposite direc- 
tion. The same holds good with regard to the distillate, 
the separation being more complete the greater the differ- 
ence between the vapour densities of the two liquids. 
By re-distilling the first portion of the distillate, a 
further sepamtion is effected, so that in time we get 
the more volatile liquid collected in the distillateSi 
while the less volatue remains behind in the residues. 
Eepeated distillations like this can be caiTied out 
automatically by partially condensing the vapour, and 
compelling each succeeding portion to pass through 
that which has just been liquefied. A great many 
different kinds of distilling apparatus have been con- 
structed with this end in view, which, however, it would 
be out of place to describe here. These effect au 
approximate fractional diMiUaiion, but cannot be used 
for quantitative purposes* When a quantitative 
separation is required, the only method is that of 
chemical transformation, whereby one of the constitu- 
ents is changed into a soUd or a non- volatile state ; 
and this applies also to the separation of mixtures of 
constant boiling point (p. 37). 



4, Separaiion hi/ Solution 

Homogeneous mixtures of different substances are 
termed solutions. For our purposes here, we need 
only consider liquid solutions, which are formed when 
substances of any state of aggregation are brought into 
contact with suitable liquids. According to the state 
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of aggregation of the substance to be disaolvedj we 
distinguish between the three cases of solution of 
gases, of liquids^ and of solids in liquids» The process 
of separation by solution consists, generally speaking, in 
findiug and nsing a liquid which readily and abundantly 
dissolves one of the substances to be separated, while 
it leaves the other practically unaffected. The latter 
condition cannot be absolutely fulfilled, but there are 
numberless cases where it is approximated to with 
safticient accuracy. By the use of such a solvent the 
two substances in question are rendered separable by 
mechanical means ; in the case of solution of liquids 
in liquids it is necessary, in addition, that these shall 
not be miscible with one another. 



i 



5. Solutions of Gases 

The law according to w^hich gases dissolve in 
liquids is that, given a state of equilibrium, the 
concentration of the gas bears a constant relation to 
that of the solution. By concentration is meant, of 
course, the amount present in unit of volume. Since 
the concentration of a gas is proportional to the 
pressure, so is abo the quantity of it dissolved. The 
ratio depends upon the nature of the substance and 
the temperature. AH gases dissolve in water, alcohol, 
and similar liquids, albeit in most cases to only a 
slight extent. In order to produce a solution in a 
state of equilibriuu], i.e, a saturated solution, it is 
needful to bring the largest possible surface of gas and 
liquid into contact, and to disseminate the dissolved 
substance throughout the liquid, this being effected by 
passing the gas in very small bubbles, shaking the 
liquid, and other meclianical means. 
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In moat cases what we want is not so much a 
saturated solution, as to attain to the most perfect 
absorption practicable. Here, however, the difficulty 
meets us that, in our case of a gaseous mixture, the 
concentration (or the partial pressure) of the gas under 
absorption becomes less, the further the separation by 
solution has proceeded. We must therefore apply the 
principle of cowjUür-currenis by letting the mixed gases 
and the solvent liquids meet one another travelling in 
opposite directions. In this way the almost saturated 
solution meets with fresh gas, while the new liquid 
comes 6rst into contact with the gaseous mixture from 
which nearly all the soluble constituent has been al* 
ready removed. We thus ensure, in the former case, the 
greatest possible saturation and therefore the smallest 
expenditure of solvent, and, in the latter, the completest 
possible absorption of the last traces of soluble gas* 

For quantitative purposes the simple absorption of 
gases in liquids c^n be applied but seldom, because 
the absorption-coefficients of most gases are too small 
and approximate too closely to one another to allow 
of this. A few gaseSj however, such as the hydrogen - 
halogen acids can be separated weU enough in this way 
from hydrogen, nitrogen, air, etc. In most cases a 
chemical transformation is necessary in the first 
instance; even in that of the hydrogen -halogen acids, just 
mentioned, there is reason for believing that chemical 
interactions take place on their solution in water. 

When separating gases by absorption, it is necessary 
to bear in mind that the un absorbed gas carries away 
with it an amount of the solvent con^esponding to the 
vapour pressure, and this must either be allowed for, 
or it must be prevented from escaping by some suitable 
means. 
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6* Tkc Ihyin^ of Gases 

Ä very frequently occurring case in gas-separation 
'la the drying of gases, ie. the abstraction from them 
of any water vapour that may be present* For this 
purpose either liquid solvents such as strong sulphuric 
acid, or solid ahsorptives lilce calcium chloride, caustic 
potash, and phosphorus pentoxide are employed. In 
order to carry out the operation successfally, we have 
to bear in mind the considerations that have just been 
mentioned above. For example, it is much more 
efficacious to spread the strong sulphuric acid over 
some porous material like pumice stone, and thus to 
establish a lai^e acting surface, than simply to let the 
gases bubble through the liquid acid. In tliis case, 
also, most of the interactions that ensue are of a 
chemical nature. No drying is absolute, and the 
various ahsorptives differ among each other by the 
amounts of vapour which they leave unabsorbed. 
This point must be especially borne in mind when an 
analysis in a current of gas is being carried out 



7. Two Non-Mücihk Liquids; the TJimry of the Ex- 
traction of a Dissolved Sahsiance ßvin one Solvmi 
hy shaJcirig this wp with another. 

When two non-miscible liquids, contained in the 
same vessel, are brought into contact with a third 
substance which is soluble in both of them, the latter 
so distributes itself that its concentration in the one 
liquid bears a constant relation to that in the other. 
This law was discovered by Eerthelot and Jungfleisch, 
and has since been frequently verified experimentally. 
Under certain conditions it seems to xmdergo modiiica- 
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tion, but this will be explained later on. The simple 
statement just given is sufficient for a survey of the 
subject in its main points. 

If x^ represents the quantity of dissolved substance 
present in amount I of the first solvent, then v^hen 
this solution ia shaken up with amount m of the 
second solvent, x^ remains behind in the first and 
^Q^^i passes into the second. The quantity x^ Ib got 
by the equation 



^^jt?^^ 



m 






since 7^ and -^ — ^ represent the two concentrations, 

and k the constant ratio-number between these, or the 
distribution coefficient. 

A second shaking up with a similar quantity wi of 
the second solvent gives 

or, after substituting for x^ its equivalent given above, 

M 



and for n shakings 






Here, again^ the form of equation is the same as in 
the theory of washing precipitates, and a similar con- 
clusion is to be drawn here also, viz. that ^rith a given 
amount of solvent a more perfect separation is effected 
when the shaking up is done with a great many small 
portions, rather than with a few large ones. For the 
rest, the result depends upon the value of the distribu- 
tion coefficient k; the smaller this is, i.€, the smaller 
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-SOLUTIONS OF SOLIDS 

the ratio of concentration between the first and second 
solvents, the quicker is the progress of the operation. 
But it la as impossible to effect an absolute separation 
by shaking up as it is to wash a precipitate completely. 
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8, SolutioTis of Solids 

The law of solubility for solids is that equiUbriuni 
or saturation ensues upon a definite concentration of 
the solution ; the value of this concentration depends 
upon the nature of the substances and upon the 
temperature, the concentration usually increasing with 
rise of temperature, although in certain cases it fulls. 

The value of this saturation -concentration at a 
given temperature is entirely dependent upon the state 
of the solid with which the solution is in contact, 
altering as this alters. We have to note especially 
here that a definite and in every case different solu- 
bility attaches to the various polymorphic and allotropic 
forms, and the various hydrates, etc., of one and the 
same substance. For this reason such an expression 
as " the solubility of sulphur " ls (^uite indefinite, even 
although the solvent and the temperature are stated ; 
to make it complete, the particular modification of 
sulphur i]i question must be given. 

It has already been mentioned that amorphous 
substances have, as a rule, no definite solubility, so far 
at least as they form colloidal solutions. They are, 
however, always much more soluble than the corre- 
sponding crystalline compounds. Most crystalline 
precipitates appear to come down amorphous in the 
first instance, and then to change more or less rapidly 
into the crystalline Btate, this being especially notice- 
able in the case of carbonate of lime. On account of 
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the greater solubility of the amorphous modificationB, 
this change iuto the crystalline form must always be 
awaited when separations are in view. The mode by 
which it can be hastened has been already described 
in detail on p, 22. 

The separation of two solids, by means of a solvent 
in which only one of them is soluble, is subject to 
essentially the same laws as the washing out of 
precipitates (see p. 17), The actual treatment with 
the solvent is most conveniently effected in some 
vessel and not on the filter. The resulting solution is 
then poured through the filter, and the residue in the 
vessel treated with fresh quantities of Liquid until one 
is certain that everything which is soluble has dis- 
solved, when the residual solid is finally thrown on to 
the filter and washed. The reason for proceeding in 
this way is that it is by no means easy to ensure that 
every particle of solid on a filter shall be thoroughly 
exposed to the action of the solvent. 

Since the rate of solution is proportional to the 
extent of contact surface, it is always advisable to re- 
duce the solid to fine powder^ should it not be in that 
state already j this applies especially to sparingly 
soluble substances. Warming is also to be recom- 
mended in most cases. 

If it should be desired to carry through the separa- 
tion with the least possible quantity of solvent^ the 
latter may be distilled off from the extract — assuming 
the dissolved substance to be non- volatile — and used 
over again. These operations repeat themselves auto- 
matically in an extraction apparativ, which consists 
of a distilling flask with reflux condenser attached ; 
between these the filter containing the substance to be 
extracted is placed, this allowing the recoudensed 
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liquid to percolate it time after time. There have 
been a good many different forms of apparatus devised 
for the above purpose, the most practical being those 
in which a self-acting siphon returns the solvent — 
which after percolation lodges in the interstices round 
the filter — ^back to the diatillinf]; flaak. 



9. Several Soluble Suhstances 

Speaking generally, every anbstanee must be looked 
upon aa soluble, and thus a separation by means of a 
solvent is of necessity always imperfect, seeing that a 
small portion of the " insoluble " ingredient is invari- 
ably dissolved ; but should the latter be so minute as 
to be negligible, the substance in question is considered 
insoluble. In cases where this solubiUty is appreci- 
able and has to be taken into account, it is important 
to know the laws of the eoUeetive solubility of several 
substances. For sparingly soluble bodies, which 
undergo no change in dissolving, the law holds that 
these dissolve independently of one another, until the 
saturation-concentration is arrived at for each one. It 
is the same law which applies to the simultaneous 
solution of several gases in a liquid, and also to the 
common vapour pressure of non-miscible liquids. 

In this simple form, however, the law of independ- 
ent solubility finds but little application. In cases 
where salts — or, generally, electrolytes — are concerned, 
the solubilities exert a mutual influence if the different 
substances contain a common ion. These relations 
will be discussed later on. 
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CHllMICAL SEPARATION 



§ l.~THE THEORY OF SOLUTION 
1» Introduction 



If a separation can neither be effected directly nor by 
physic^ means, we have tlie most frequently occurring 
case of all, viz* the transformation of the substance to 
be separated into some other chemical compound 
whose condition admifc? of a mechanical separation. 
Here also, as before, we have to aim at getting mixtures 
of solid and liquid on the one hand, or solid and gas 
or liquid and gas on the other. 

In order to fully appreciate the processes which 
go on in solutions of most substances, it is necessary 
that we should first discuss the theory of solution and 
the state of a substance after it has been dissolved.' 
The recent developments in this branch of the subject 
have caused the theory of analytical reactions to enter 
upon an entirely new phase — indeed it is only through 
them that this theory has become a truly scientific 
one ; the progress of analytical chemistry centres 
mainly in this point 
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2. T}i€ State of Substaiwes in Solution 

The idea frequently giYen expression to by earlier 
investigators — that in dilute solution substances 
assume a condition which is simUar to the gaseous 
state — has now become a strictly scientific theory, 
thanks to the pioneering labours of vau't Hoff, In 
preceding sections of this book stress has been 
repeatedly laid upon the agreement between the 
empirical laws which have been worked out for 
dissolved substances on the one hand and for gaseous 
on the other, with respect to solution and saturation ; 
this agreement extends so far that matter in the 
two above states obeys the same law with the same 
constants, with only this difference, that in place 
of ordinary gaseous pressure, os^motie pressure comes in 
for dissolved substances. Osmotic pressure means 
the pressure which is exerted on a boundary surface 
separating a solution from the pure solvent, when 
there is at this surface a septum which permits only 
the solvent and not the dissolved substance to pass 
through.^ 

Just as vapour density determinations at diiferent 
temperatures and pressures have given us information 
with regard to the molecular complexity of substances 
in the state of vapour, so has the study of solutions 
shown that the formulee usually ascribed to many 
substances do not apply to them when in aqueous 
solution ; they must in fact have when in solution 
a smaller molecular weight than that corresponding 

^ For fuller detaila see the author's (httUnes of General Chemistry 
(English translation by JaTiiea Walk er), p. 12& ; or hiä Zehrlm^ der 
aligemeijt&n (.Ikemie (2 ml ed.), foL i. p- t)51 j or M. M* P. Müir's 
tmnslatioti of that portion of the latter whkh tr«ats of Soiuliom. 
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to the lowest possible formula The interpretation of 
this problem was at first attended with great diffi- 
culties, which were, however^ ultimately surmounted 
by Arrheniua in hia Tlieor^ of Electrolytic DissödatioTk 
This investigator perceived that the deviations just 
referred to occur only in the case of substances which 
hehave as electroli/tes^ and he was enabled to formulate 
the laws of electrolytic conductivity and to explain 
the deviations of the solutions in question by the 
assumption that salts do not escist as sitch in aqueous 
Solution^ hut are dissociated more or less comphteli/ into 
their constituents or ions. 

It would be out of place to enter in detail into the 
various methods by which this assumption has been 
confirmed and justified ; it will be taken for granted 
here, but a number of new proofs of its applicability 
will be brought forward in the course of the following 



3. Ions 

It was early forced upon the observation of 
chemists that salts were biuary compounds. Berzeliua 
looked upon them as being made up of acid and base, 
or rather of acid anhydride and metallic oxide ; this, 
however, placed him in the difficulty of having to 
regard halogen salts as constituted differently from 
oxygen ones, although there is nothing in the behaviour 
of the two classes which demands or justifies such a 
distinction, Liebig, together with a number of other 
chemists, subsequently perceived that the true con- 
stituents of salts are the metal on the one hand and 
the halogen or acid radicle (ie. salt minus metal) on 
the other^ and Faraday gave to those constituents 
the name of ions. We have to distinguish between 
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positive ions or cationa (metals and complexes which 
behave luve metals, €.g, NHJ, and negative ions or 
anions {halogens and acid radicles like NO^, SO^, etc). 

Ill aqneous solutions of electrolytes the ions are 
Esually partly combined and partly free» In the case 
of neutral salts the tincombined portion is by far the 
greater, and it mvariably increases as the solution be- 
comes more dilute. The properties of a dilute salt solu- 
tion are thus dependent upon those of its free ions rather 
than on the properties of the dissolved salt as such, or of 
the ions which are combined. The analytical chemistry 
of salts thus becomes enormously simplified under this 
law ; what we have to establish is not the analytical 
properties of the possible salts, but only those of their 
ions. Supposing we made the assumption that fifty 
anions and fifty cations were to be consideretl, these 
might form 2500 possible salts; and, if each salt 
showed some individual reaction or reactions, the be- 
haviour of 2500 diflerent substances would have to 
be ascertained. But, since the properties of salts in 
solution are merely the sum of the properties of their 
ions, it foUows that we only require to know i50 + 50 
= 100, in order to master the whole 2500 possible 
cases. As a matter of fact, analytical chemistry has 
long made use of this simplification; we know very 
wellj for instance, that the reactions of the salts of 
copper are the same with respect to the copper they 
contain, whether it be the sulphatCj nitrate, or any 
other salt that is examined But it has been left 
for the electrolytic dissociation theory to formulate 
this relation scientifically* 

And the above theory not only explains the great 
simplicity of the analytical system in this way, but 
also those complications which we find by experience 
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to occur in particular cases. While the numerous 
metallic chlorides all give the reaction of chlorine 
with silver, other chlorine compounds, such as potaasic 
chlorate, the salts of the chloro- acetic acids, cliloro- 
form, etc.^ do not Cliloioform may, however, be afc 
once eliminated here, for it ia not a salt, and cannot 
therefore show the ion-reactions. Now the reason why 
the salts just named do not give the characteristic 
chlorine reaction, although they are salts and contain 
chlorine, is because they contain no chlorine ions. 
The ions of chlorate of potassium are K and ClOj^; 
the salt thuB gives the reactions of the potassium ion 
and of the ion ClO^, and no other reactions are to be 
looked for. In all cases, therefore, in which an element 
is a constituent of a compound ion, it loses its ordinary 
reactions, and in place of these we get new ones 
characteristic of the latter. 

How the ionic condition is recognised and how the 
degree of dissociation is measured, are questions which 
cannot be discussed in detail here. But it may just 
be mentioned that electrolytic dissociation and electro- 
lytic conductivity run on parallel lioes, and that con- 
clusions can he drawn with respect to the former by 
measuring the amount of the latter under given 
conditions. Besides this there are numerous other 
auxiliary aids, the application of which has led to 
the same results as the electrolytic conductivity. 

The further question— which are the ions of any 
given salt — is not always easy to answer. Thus, it 
used to be supposed that potassium platinichloride 
was a chlorine compound of the same nature as 
metallic chlorides generally, whereas we now know 
that its ions are 2K and PtCl^, and that it is therefore 
the potassium salt of hydro-platinichloric acid. As a 
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consequence, it gives no chloride of silver with silver 
nitrate, but a yellow precipitate of silver platinichlor- 
ide, AggPtCl^j. We are able to decide the point in 
question chemically, by observing which are the com- 
plexes that interchange themselves with the ions of 
other salts. The electrolysis of the salts also furnishes 
an independent proof, since the cations move in the 
direction of the positive current and the anions in that 
of the negativa Thus Hittort in electrolysing sodium 
platinichloride, found that the platinum and chlorine 
together betook themselves to the anode, while the 
potassium went to the cathode. 

The parallehsm between electrolytic conductivity 
and capacity for chemical interaction is one of the 
most important aids to judging of the ionic condition. 
Both properties run alongside of one another throughout, 
so that Hittorf has given the following definition: — 
Ekdirölytes af6 saliSf Le. binary compounds, which are 
capable of exchanging their constituents instantaneously. 
Since, for the purposes of chemical analysis, those re- 
actions are of most importance which go on at the 
greatest possible rate, the ones referred to here are 
practically all ion- reactions. 



4. The Varidies of Jons 

In accordance with the fact of salts being binary 
compounds, the ions fall in the first instance into two 
classes, named by Faraday cations and anions. The 
former move in the direction of the positive current 
when a stream of electricity is passed through an 
electrolyte, i.e. through a compound containing ions, 
and we therefore assume that they are combined with 
amounts of positive electricity which, according to 
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Faraday's law, are equal for equivalent quantities of 
different ions. The anions move in the opposite 
direction, and are therefore combined with negative 
electricity, the amounta of which are likewise equal 
for equivalent quantities of different ions. The word 
*' equivalent " is used to denote those quantities of 
opposite ions which unite to form a neutral compound. 
These contain equal amounts of electricity, but of 
opposite sign J for, in an electrically neutral liquid, 
the sum total of the quantities of positive electTicity 
must be equal to the sum total of the negative» 

Slnoe ions in solutions comport themselves as in- 
dependent substances, it has been found possible to 
determine their molecular weights. TJiis has resulted 
in showing that we have to distinguish between 
mono- and polyvalent ions, in accordance with what 
is demanded by the molecular weight determinations 
of non- dissociated compounds. The ions of potassic 
stdphate, K,,SO^, for example, are 2K and SO^ ; it 
follows from what has been said above that an 
electrically and chemically neutral solution of this 
salt must contain an amount of electricity for each 
SO^-ion equal to that of the two K-ions, i.e. the ion 
SO^ is chained to double the extent with negative 
electricity that the ion K is with positive. In the 
same way it follows from the formula BaCl^ that the 
ion Ba must be divalent with respect to CL The follow- 
ing are the most important ions : — 



A. Cations 



{a} Monovalent: H (in the acids), K, Ka, Li, Cs, 
Eb, Tl, Ag, NH^, NH3K to ^l\ (li being an 
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organic radicle), Ca (in cuprous compounds), 

Hg (in mercurous compounds), etc. 
(&) Divalent : Ca, Sr, Ba, Mg, Fe (in ferrous salts), 

Cu (in cupric salts), Pb, Hg (in mercuric 

salts), Co, Ni, Zd, Cd, etc, 
(c) Trivalent : AI, Bi, Sb, Fe (in ferric salts), and 

most of the rarer metals of the earths, 
{(I) Tetravalent : Sn (doubtful), Zn 
(e) Pentavalent: None known for certain. 



B. Akioks 

7^) Monovalent : OH (in bases), F, CI, Bjp, I, NO^. 
ClOg, CiO^, ^i'Os> MnO^ (in permanganates), 
and the anions of all the other monobasic 
acidSj Le, acid molecule minus an atom of 
hydrogen. 

(&) Divalent : S, Se, Te (?), SO^, SeO^, MnO^ (in 
raanganates), and the anions of aU the other 
dibasic acids, 

{c) Tri- to hexavalent : The anions of the tri- to 
hexabasie acids. Elementary anions with a 
valency of more than two are unknown. 

When it shall be necessary or desirable to designate 
the ions as such in the subsequent portion of this 
book, the formula of the cations will be accented by 
a dot (*) and that of the anions by a dash ('). K* 
thus represents the potassium ion as present, for 
example, in an aqueous solution of potassic chloride, 
while the corresponding chlorine ion is denoted by 
the symbol Ci', Polyvalent ions are marked with as 
many dots or dashes as correspond to their valencies 
or electric charges* 
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5, SomefuHhsT Details 

A few details with respect to tlie degree of electric 
dissocfation or ionisation of the more important com- 
pounds are necessary for a proper review of analytical 
reactions, and they shall therefore be given here. 

Ifmi - electrolyte comprise the organic compounda 
with the exception of the typical acids, bases, and 
salts ;^ also solutions of substances in solvents like 
benzene, carbon disnlphide, ether, and similar liquids. 
Solutions in alcohol constitute a transition to the 
electrolytes, seeing that in them an ionisation of salt 
occurs, although as a rule only in very slight degree. 
The substances and solutions named at the beginnmg 
of this paragraph are not in truth to be looked upon 
as absolutely nndissociable, juat as there is no such 
thing as an absolute non-coodnctor ; the line can only 
be drawn here, as in analogous cases, where observation 
and refined measurement reach their limits. 

Mectrolyies comprise salts in aqueous solution, the 
tenn " salt " including here and in the following pages 
both acids and bases, acids being salts of hydrogen, 
and bases salts of hydroxyl. Solutions of salts in 
alcohols are likewise ionisable, although to a far less 
extent ; the ionisation is gi^eatest in the case of 
methyl alcohol, and diminishes (for the same substance) 
with increase in the inolecnlar weight of the alcohol. 

Of the different kinds of salts, neutral ones are 
the most strongly ionised ; aqueons solutions of 
medinm concentration (such as are generally employed 
in analyses) usually contain much more than half the 
total salt in the condition of free ions. And salts 



3 The so-called 
used here. 



' ethereal fialta " or estera are not salts in the sense 
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differ in this respect among one another in so far that 
those with monovalent ions, snch as KCl, AgNO^, and 
NH^Bfi are the most dissociated, the dissociation de- 
creasing aa the valency of the ions rises. The nature 
of the metal and of the acid radicle has otherwiae hut 
little influence on the degree of ianiaation of a salt, 
A few exceptions must be noted here. The halogen 
compounds of mercury are ionised very sHghtly, those 
of cadmium a little more, while those of zinc stand more 
or less midway between them and salts generally ; 
again, of the haHdes, the iodine compounds show the 
smallest, and the chlorine compounds the greatest 
ioniaation. 

A much greater diversity exists among the acids 
and bases. These show degrees of xonisation corre- 
sponding to what is somewhat loosely termed their 
" strength " i,ß, the strongest acids and bases are the 
most completely ionised. 

The strong aeids, whose ionisation is of the same 
order as that of neutral salts, are the halogen hydrides 
(with the exception of hydrofluoric acid, which is 
only moderately ionised), nitric, chloric, perchloric, 
sulphuric, and the polythionic acids. 

Moderately strong acids comprise phosphoric, sul- 
phurons, and acetic acids, which are not ionised beyond 
about 1 per cent under ordinary conditions. 

The weuh acidSj with an ionisation of less than 
1 per cent, are carbonic acid, sulphuretted hydrogen, 
hydrocyanic, silicic, and boracic acids. The ionisa- 
tion of the two last is so alight as to be scarcely 
measurable. 

Under the strong hoses we have the hydroxides of 
the alkali and alkaline earth metals and of thallium, 
and also the organic quaternary ammonium compounds. 
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All these are ioniBabla to about the same extent as 
neutral salts. 

The moderatdy strong hases are ammonia and the 
atmne bases of the fatty series, oxide of silver, and 
magnesia. 

The weaJc hoses comprise the hydroxides of the 
di~ and trivalent metals with the exception of those 
named above, the amine bases of the aTomatic series 
(when the nitrogen is lin'ked to the aromatic nucleus), 
and the greater number of the alkaloids. 

Jurther details on the subject wiU be given in the 
special sections of this book where necessary. It is 
very important that we should fix the large groups- 
just mentioned— in our memories, since a critical 
review of analytical reactions is directly dependent to 
a large extent upon the conditions which have just 
been explained. 



§2. CHEMICAL EQUILIBRIUM 
6, The Law of Mas$-€^ion 

In discussing chemical equilibrium we have two 
oases to take into consideration, viz. homogeneouB and 
heterogeneous equilibrium. Homogeneous equilibrium 
exists in those spaces in which there is no surface 
of separation, i.e. in gases and homogeneous liquids. 
As a matter of principle homogeneous solids must not 
be excluded, but, practically speaking, they do not 
come into question. 

The law of homogeneons ec^uiLibrium may be stated 
thus : If we have a reversible chemical reaction cor- 
responding to the general equation 



m^A^ -f m^ Ag + *^3^^ + 



TljBj+M^Eg+rt^Bg 
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ID which the symbol z is used to indicate that the 
iuteraetioji may go on equally well from left to right 
(of formula) as from right to left; and if a^, o^, a^ 



, . . aud ß^, ß^, ß^ . , 
centrations of the substances 



E„ B„, B. 



^«* '^K 



- . . ., while 
stand for the 



7}U 



. represent 

**^j -Art,, A, 
in. 



the 



COÜ* 

^, ^3 . , , and 

7)1^ » . . and Tty 

numbers of the 



.^ . - . M respective 

molecules taking part in the reaction, then the fol 
lowing equation holds good — 



Äj^'h a^^ a^ 



= kß{hß^^ß,^ 



k being a coefficient depending upon the nature of 
the substance aud the temperature. 

This law is of very general apphcation. If the 
amount of the particular substance divided by the 
total volume is taken as the coneentratioui it must be 
looked upon as an approximate laW| which only becomes 
true in tlie Hmit-case, i.e. for dilute solutions. With a 
suitable definition of concentration it can be made gener- 
ally appHcable, but there is no such definition known 
yet for concentrated solutions* The simple definition 
just given is amply sufficient for our purposes. 

All those substances are to be considered as taking 
part in the reaction which undei^go a change, and 
which alter in their concentration. There are, it is 
true, special cases in which the first of these two con- 
ditions is fulfilled, but not the second. This occurs 
more particularly when the reaction goes on in a 
solution and the solvent takes part in it. In such a 
case the respective factor a"' or ß^ remains constant, 
and can be incorporated 'with the coefficient k 

When ions share in the reaction, they are to be 
considered as being separate substances. The ordinary 
formulse must therefore not be given in an equation to 
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the electrolytically dissociated bodies, but their state 
of dissociation must be deooted. Thus, potassic chloride 
iu very dilute solution — when the salt is dissociated 
completely — could not be written as KCl iu such 
a formula, but rather as X" + C1' (the dot and dash 
indicating the ionic condition, the former standing for 
cations and the latter for anions). In the cases 
which have yet to be explained, examples will be 
given of this kind of formula. 

The above law, now expressed mathematically, is 
nothing else than the most general form of the law of 
mass-action which was propounded by Wenzel more 
than a hundred years ago, and according to which the 
chemical action of any substance is proportional to its 
acting mass or concentration. The law may now be 
considered as being of general application, seeing that 
it has been abundantly verified in a great variety of 
ways, more especially within the last few years. 
Certain exceptions, which for a time seemed to stand 
in its way^ have been brought into thorough conformity 
with it by the dissociation theory and the consequent 
treatment of ions as separate chemical individuals. 
The theory of electrolytic dissociation or Ionisation has 
thus been instrumental here also in filling up what has 
hitherto been a gap in the system of theoretical chemistry. 

The one hmitation to which the ions are subject in 
virtue of their freedom is that positive and negative 
ions must always be present in equivalent quantities 
throughout. This limitation does not need to be 
expressly specified in the formulae ; it merely gives a 
relation between the concentrations of the different 
ions, and this usually finds its expression in the co- 
efficients of those concentrations, 
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7. Applicaiimis 

The application of the theory of hoTnogeneotis 
equilibrium to the condition of dissolved electrolytes 
is one of the most important to which it has been put. 
In solutions of this kind a state of equilibrium subsists 
between the ions of the electrolyte and the non-dis- 
sociated portion, which can be expressed by the above 
formula; the correctness of the formula in its widest 
extent has also been proved and corroborated by the 
independent measurement of this condition. 

To take the simplest possible case, if we have a 
binary electrolyte C, wliich can break np into the ions 
A* and B^^ and if a, h, and c represent the concentra- 
tions of these three constituents in a given solution, 
then the following simple formula hokls good — 

a& = ho. 

Kow the two kinds of ions are produced in equi- 
valent quantities in the above case, hence a = h If, 
further, the total amount of the electrolyte— 1, and 

a represents the ionised portionj then a = i~- 
and c^^^, V being the volume of the solution in 

which unit quantity {a molecular weight in grammes) 
of the electrolyte is contained. By carrying out the 
substitution we get the formula 



(l-a) 



=:ÄVj 



which expresses the state of ionisation of an electro- 
lyte at the dilution v. 




60 FOUNDATIONS OF ANALYTICAL CHEMISTRY ohap. 

We gather from this formula that a must become 
larger as the dilution v increases ; ^hen that dilution 
becomes infinitely great, then 1— ii=0, or a = l, 
ie. the electrolyte is coTupletely ionised. On the 
other hand, the vahie of a becomes very small when 
V approximates to nothing, le, at maximum concentra- 
tion there is minimum of ionisation. For the rest, 
the state of ionisation at a given dilution v depends 
upon the value of the constant k This is very high 
and much the same for all neutral aaltSj bnt it varies 
enormously in the case of acids, being high for strong 
acids and low for weak. 

The differences in the degree of ioniaation of the 
various acids become less and less marked with in- 
creasing dilution of their solutions, whence it follows 
that infinitely dilute solutions of different acids possess 
the same strength, because the acid in them is com- 
pletely ionised. And the same applies to bases, 
which also show very considerable differences in the 
constant k} 

S. Complex JMssodation 

The ions of salts are by no means to be regarded 
as absolutely stable compounds ^ on the contrary, they 
may readily and in various ways undergo hydrolysis, 
or ordinary or electrolytic dissociation. Thus the 
metallo-ammonium ions,^ for example, usually dissociate 
more or less into metallic ion and free ammonia, and 
the complex ion Ag (CN)^ of potassium-silver cyanide 
is dissociated electrolytically into Ag' and 2CN', etc. 
etc. The laws governing those dissociations are 

^ The value of k for atiy given gulistance varies fiUglitly wltli the 
temperature, but so allghtly that the <ivffer«iices arc of no importance 
IB analytical chemistry, 

^ t.g. Ag4NH^, etc. 
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precisely the same as bold good for the forms of 
chemical equilibrium which have been already dis- 
cussed, and therefore require no further explanation. 
We must, however, he careful to bear well in mind the 
possibility of such changes, if we wish to thoroughly 
understand the ofttimea complicated play of chemical 
equilibrium. 



9. Gradual Bissodation 

In the dissociation of electrolytes, which are made 
up of ions of unequal valency, ejj, of the dibasic acid, 
H^A, one would be inclined to assume the vahdity of 
the following reaction — 

HjjA z2H- + A", 

whence would follow an equation of the form — 

But experience shows that this is not the case. 
The dibasic acids really dissociate according to the 
formula— 

H,^zH*ihHA' 

and the resulting monovalent ion itself experiences the 
further dissociation — 

HA'zH* + A"j 

the dissociation-constant of this second reaction being 
in every case very much smaller than that of the first. 
It follows from this that the various hydrogen 
atoms of a polybasic acid have different valuas as 
regards the " strength '' of the latter ; the tirst atom of 
hydrogen will always be that of a stronger acid than 
the second, while the third and fourth, etc,, will follow 
iu the same order. 
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10. Several Ehdrolytm together 

The same equiHbrium -formula suffices for the re- 
ciprocal action of seyeral electrolytes present in the 
same eolation together ; a few important cases of this 
will be instanced here. 

Two neutral salts exert almost no action upon one 
another, because both they themselves and the possibly 
resultant new salts produced by their double decom- 
position are all strongly ionised, and the ions remain 
substantially in their original condition. Thus, a solu- 
tion of potassic chloride consists chiefly of the ions 
K" and CI', and one of aodic nitrate of the ions Na" 
and NO/, and these conditions are not altered by 
mixing the one solution with the other. Further, this 
resulting solution is necessarily identical with one 
made from corresponding quantities of sodic chloride 
and potassic nitrate, seeing that the former contains 
the same ions in the same free state as the latter. 

An action takes place, however, if the ions present 
are capable of uniting to form one or more compounds, 
which are either not dissociated at all (practically 
speaking) or only slightly so under the existing con- 
ditioDs. The constant h has then a small value ; in 
the equation 

a and h (the concentrations of the ions) must therefore 
become greatly reduced, while c (the concentration of 
the non-dissociated portion) must grow correspondingly 
until the equation is fulfilled. By bringing in the 
dissociation factor a (p, 59), we then get 
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the value of v being constaüt, and k and a being both 
low, the amoimt of electrolytic dissociation must be 
smalL 

The reaction thns results in the more or less com- 
plete disappearance of the ions of the electrolyte, which 
has a small constant k, going as they do to build up 
the non-ionised portion. 

The most characteristic case of such an interaction 
is the neutralisation of an acid by a base. An acid 
contains an anion and hydrogen, H', while in a base 
we have a cation and bydroxyl, OH'; water, the 
compound of hydrogen and hydroxyl, is ionised to but 
a very slight extent, and must therefore be formed as 
soon as its two constituent ions meet in any liquid. 
Hence it follows that when solutions of acids and 
bases are mixed together we get an energetic inter- 
action, the hydrogen and hydroxyl ions uniting to 
form water, while tlie two other ions of the resulting 
salt remain in the solution in the free state. 

We get the same kind of phenomenon upon adding 
a strong acid to the salt of a weak one. As has been 
mentioned already, neutral salts are all ionised to 
about the same extent, however strong or weak their 
acid may be. The solution of a salt of a weak acid 
therefore contains for the most part free ions only ; 
when to this solution there is added a strong acid, 
which is likewise almost completely ionised, the anions 
of the salt unite with the hydrogen of the acid to form 
a second acid which is but little ionised, seeing that 
we have started with tlie salt of a weak acid, ie, of 
an acid which itself undergoes only slight ionisation. 
At the same time the anion of the added (strong) acid 
remains along with the cation of the original salt ; in 
other words, the solution now contains the (ions of 
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the) salt formed by the production of the weak by- 
means of the strong acid. The real engendering cause 
of the reaction is thus not what has hitherto been 
supposed, i.e. it does not lie in the " attraction " of the 
stronger acid for the metal, bnt in the tendency of the 
iona of the weak acid to pa^ into the non-ionised 
condition. 

The above reaction is not carried out with snch 
completeness as the formation of water on nenti^al- 
isation, because even weak acids are always more 
ionised than water; the "expulsion" is always leas 
perfect the more strongly the newly formed acid is 
ionised. Should the latter be ionisable to the same 
extent as the added acid, nothing of course will take 
place. 

Precisely the same considerations hold good for the 
action of a strong base upon the salt of a weak one- 
What occurs when one or other of the substances is 
sparingly soluble will be explained later on. 



11. Acids and their own Salts 

Considemble action goes on in a case where it was 
not formerly suspected, \u. on mixing solutions of 
salts and acids containing the same anions, or — to put 
it generally — when two electrolytes with a common 
ion meet in solution. 

If both electrolytes are equally dissociated there is 
of course no action of any consequence, but the case is 
different when a slightly dissociated electrolyte, e.g. a 
weak acid, meets with a strongly dissociated one con- 
taining tbö same ion, ix. with a salt of the acid in 
question. The result is that there is always a more 
or less marked retrogression in the dissociation of the 
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weak electrolyte. From this the rule follows that 
moderately strong or weak acids act much more feebly 
in presence of their own neutral salts than they do in 
the pure state, equal concentration and acidity being 
of course taken for granted. 

To understand this we have only to remember that 
the state of equilibrium of the partially ionised acid m 
given by the equation 

ah — fe, 

in which a is the concentration of the anion, 6 that of 
the cation (hydrogen in this ease), and ü that of the 
non-ionised portion ; c being large in comparison with 
a and h in the ease of weak acids, ll a neutral 
salt of the same acid^ — -containing the same anion — 
be now added, a will become greatly increased, while 
h must be lessened in almost the same ratio, since c can 
be only slightly augmented^ from the fact of the greater 
part of the acid being already present in the non- 
ionised state. The hydrogen ions therefore diminish 
materially. Kow it is precisely upon the concentration 
of the hydrogen ions that the characteristic reactions of 
acids depend. The more of the neutral salt therefore 
that is added to them, the more are those reactions 
weakened ; and (what follows likewise from the above 
considerations) the effect is the more marked the 
weaker the acid. 

These conditions are of very frequent occurrence in 
analysis, especially in those cases where an acid reaction 
but the least possible acid action is desired. In such 
cases (e.ff. in the precipitation of zinc by sulphuretted 
hydrogen), if the solution contains a strong acid like 
hydrochloric, it is usual to add to it an excess of 
sodium acetate. In this way we not merely substitute 

F 
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the slightly ionised acetic for the strongly ionised 
hydrochloric acid, but there is the further eifect — that 
the Ionisation of the acetic acid itself is lowered to a 
very considerable extent. Such an addition as this 
has also the result of yielding a liquid which behaves 
almost as if it were neutral, although it has an acid 
reaction ; and it retains this approximate neutrality 
even although a free strong acid contiimes to be 
libera tedj by the action of the sulphuretted hydrogen 
in the example just cited. For this (strong) acid 
undergoes instant transformation, as shown above, and 
thus the concentration of the few hydrogen ions is 
only increased in relatively very slight degree. 

Considerations of the same kind present themselvejg 
when a weak base and one of its neutral salts are 
present together in the same solution. The reciprocal 
action between a strong acid (or base) and a weak one 
likewise falls under the same category, the ionisation 
of the weaker constituent being always lowered. Such 
cases occur less frequently, however, in actual analysis, 

12. Hydrolysis 

Although water is extremely undissociable, recent 
investigations have proved that it is in fact broken up 
to a certain definite extent into hydrogen and hydroxy! 
ions, and the amount of this dissociation or ionisation 
has been measured. It has thus been shown that 
water contains a gram me- equivalent of its ions in ten 
million litres approximately. 

In consequence of this tlie process of neutralisation, 
described on p. 63, does not complete itself absolutely, 
but as many hydrogen and hydroKyl ions remain un- 
combined as are normally present in water. This 
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residue — as already seen — is extremely small, and may 
be neglected in most cases. Still there are conditions 
possible under which this trifling quantity exercises a 
measurable effect, and those occur when the acid or 
the base or both of these are very slightly ionisable 
or very weak. 

According to the laws of chemical equilibrium, 
therefore, the effect of the presence of hydrogen ions 
ia the solution of a neutral salt is that not merely the 
free anions of the salt, but also a corresponding quantity 
of non*ion]sed acid molecules are present, in accord- 
ance with the fornnila ß5 == Jcc, If now k has a high 
valuej as in the case of strong acids, c is very small, 
seeing that 5— the concentration of the hydrogen ions 
^is small. If on the contrary k has a low value, c— 
the concentration of the non- ionised portion of the 
acid — increases correspondingly, and approximates to k 
in its numerical value in the Ionisation- constant of 
water; c thus becomes measurable, ie. the presence 
of non-ionised acid in a solution of its neutral salt 
becomes possible. Cyanide of potassium may be 
taken as an instance of this; hydrocyanic acid has 
an extremely small ionisation-constant, and an aqueous 
solution of potassium cyanide therefore contains a 
measurable quantity of the non-ionised acid, as we 
can readily perceive from the odour. 

Another thing which is characteristic of such salts 
is their alkaline reaction* The latter depends upon 
the presence of hydraxyl ions, and, in order that it 
may be noticeable, the concentration of these ions 
must reach beyond a given point, which varies with 
the sensitiveness of the indicator used, Now we have 
just seen that, in the case of salts of weak acids, a 
certain quantity of non - ionised acid results, the 
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requiBitB liydrogen for which is taken from the water. 
And since in water^ which is a substance of constant 
concentration, the product of the concentrntions of the 
hjdroxyl and hydrogen ione must have a constant 
value (according to the law of equilibrium), if the 
concentration of the latter is diminished to the nth 
part, that of the former must grow ?i-tiu5es, and thus 
become measurable when n is a large number. 

Exactly the same considerations apply to salts of 
weak bases. These will have an acid reaction, 
and the presence of non - ionised base will be re- 
cognisable. 

Should both acid and base be weak, the processes 
which have just been explained will mutually support 
one another, in the sense that appreciable quantities of 
non-ionised acid and base will result ; the production 
of an excess of hydroxyl and hydrogen ions will 
on the other hand be diminished, since the cations 
of the base will use up the one, and the anions of the 
acid the other. 



13. Hderogeneous EquilihTiwm ; Law of JMdrihuiion 

If the system in which equilibrium obtains is 
divided into several portions by surfaces of separation, 
the law holds that — in two contvjtwus spaces m- phases^ 
tJw concentraiiofis of each siihdancty takich is ]y}*e$eTii i^i 
both spaces J must bear a constant ratio. If a' be the 
concentration of a substance A m the first space, and 
a" the concentration in the second, then 

k being a coefficient depending upon the nature of the 
substance and the temperature. 
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Siirdlar equations are to be set up for each con- 
stituent present. Here, again, we have to bear in mind 
that ions are to be treated aa separate entities ; and 
further, different modifications of the same substance 
are to be regarded aa different substances. 

What baa been said with reapect to the preceding 
law applies also to this one ; it is a law limited to 
dilute solutions or gases, the concentration function for 
strong solutions being unknown. 

Particular cases of this law have already been 
dealt mth. Thus the law of absorption of gases (p. 39) 
is one of these, as can be seen on conaparing the two 
formulfe. The law of the solubility of solids in liquids 
and the law of vapour pressure also belong to the same 
category. In both of these cases the state of the body 
in one of the two phases remains the same throughout ; 
the solid in contact with its solution and the liquid in 
contact with its vapour alter indeed in amount but 
not in condition, and therefore what we term their 
concentrations remain unchanged also. One of the 
two factors a^ or a" thus continues constant in 
the equation, and the other must necessarily remain 
constant also; hence we have for each substance a 
certain definite solubility and definite vapour pressure, 
depending upon the nature of the substance and the 
temperature, but not upon the amount of fluid or 
solid and the volume of vapour dealt with. 

The same state of things also frequently occurs in 
the case of homogeneous equilibriimi. It is therefore 
convenient to draw a distinction between &ta4es of 
constant concentration and stMes oft^ariahk commtTation, 
Solids possess constant concentrations, and also simple 
liquids (not mixtures of liquids) ; gases and dissolved 
substances show variable concentrations* We may 
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also rank among substances of approximately constant 
concentration such eonstituents of liquid or gaseous 
mixtures as are present in very large amount compared 
with the others ; true, in the course of a reaction 
their concentration alters, but this alteration is the 
less the more they preponderate over the other con- 
stituentSi and they may thus be looked upon in many 
cases as being practically pure substances. 

These two simple laws of mass-action and of 
distribution embrace in principle all the phenomena 
of chemical (including physical) equilibrium. There 
will be frequent opportunity in what follows of this 
book to elucidate the abstract theory by investigating 
particular cases. 

g 3, THE COURSE OF CHEMICAL REACTIONS 
14. The Vilodiy of Reaction 

lu addition to" having a knowledge of the laws of 
chemical equilibrium ^ it is necessary that the analyst 
abould be able to follow the progress of chemical 
reactions as well. For, altliough most of the analytical 
methods in vogue are ion-reactionSj which complete 
themselves in an immeasurably short space of time, 
there are certain processes which do not come into 
this category, and which we cannot criticise without 
having the above information, 

A similar expression to that given for equilibrium 
holds good for the velocity of a reaction^ since the 
state of equilibrium may be defined as that state in 
which the velocities of opposing reactions are equal. 
In other words, the velocity of a reaction is directly 
proportional to the concentration of each reacting 
constituent; if several molecules of a substance are 
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taking part, the ooncentration of the latter is to be 
raised to the corresponding power. By the velocity 
of reaction is to be understood the ratio between the 
amounts of the transformed substances and the time 
required for transforming tliem. These amounts are to 
be calculated here, m always, in units of molecular 
and not of absolute weight. 

The different cases of course of reaction, arranged 
according to the number of reacting substances, and 
according to the original ratio of their amounts, have 
this in common — that they begin with their greatest 
velocity-value^ and that the velocity becomes less and 
less as the reaction proceeds. They all lead to the 
theoretical result — that the reaction is only complete 
after au infinite length of time. But for practical 
purposes we may apply the rule that any residual 
action may be regarded as non-measurable, after ten 
times tlie period which is required t<) complete the 
first half of the reaction. 

15. Influmm of Temperature 

Temperature has an extraordinarily marked effect 
upon the velocity of chemical reactions; in the 
instances where measurements have been made the 
velocity has doubled itself with a rise of about ten degrees 
of temperature. In every case of slow chemical 
reaction the end will be reached far more quickly 
with the aid of heat 



16. Catalysis 

There are cases in which certain substances exer- 
cise quite nn exceptional influence upon velocity of 
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reaction, although they appear to take no part in the 
process itself ; such actions are termed catalytic, and 
the substances in question catalysers. Besides specific 
catalysers, effective in certain definite reactions (e.f/, 
the salts of iron in oxidations and reductions), the acids 
may he looked upon as general catalysers. We may 
state it as a law that slow reactions are in most cases 
hastened by the presence of acids (assuming that the 
latter form no chemical compounds with the reacting 
suhstances), and this effect is proportional to the 
'' strength " of the acids, or — ^to speak more correctly — 
proportional to the concentration of the free hydrogen 
ions in the hquid. For example, the conversion of 
pyro- or meta-phosphoric acid in aqueous solution into 
the ortho- variety is immensely facilitated by the 
presence of nitric or hydrochloric acid, while the 
slightly iouisable acetic acid is almost without effect. 

Catalytic actions are also known among gases; here, 
however, they are often induced by chemically indiffer- 
ent substances possessing a large superficies, and are 
thus more of a mechanical nature. Pinely divided 
platinum or palladium has a wonderful effect in 
quickening processes of combustion. 



17. Hderogemom Structures 

The foregoing remarks apply to homogeneous 
structures. In heterogeneous the velocity of reaction 
is further dependent upon the extent of the contact 
surface. Since the reaction only takes place at the 
contact surface itself, where the velocity rapidly 
diminishes on account of saturation, a thorongh 
mechanical mixing of the whole reacting mass is 
necessary to hasten the process, care being of course 
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taken to ensure the gi-eatest possible extent of surface 
at the commencement, either by powdering or other 
suitable means* 



14, PRECIPITATION 

18. Gmeral Consideratiom 

It has been already mentioned at a pievious stage 
that^ of the possible combinations of states of aggrega- 
tion for separating substances from one another, the 
solid-liquid is the easiest to manage and also the most 
perfect for practical purposes. Our preparatory chemical 
measures are therefore mainly cUrected to bringing 
this combination about, and precip-itation is one of the 
most common procedures in chemical analysis. 

Precipitation follows when the constituents of some 
substance, which is not completely soluble under the 
circumstances, come together in solution. Each 
precipitation is thus preceded by a state of super- 
saiuratmi, and after it is complete the liquid is 
saturated with respect to tlie precipitated solid, ix. it 
is in equilibrium with the latter. As a matter of fact 
no precipitation is ever perfect, and it is therefore the 
aim of the analyst to so regulate the conditions as to 
reduce the amount of dissolved residue to the minimum. 



19, Stt^eT-Baturaiwn 

When a solution contains more of a solid or of its 
constituents than accords with the state of equilibrium, 
it is said to be super-saturated as regards that solid» 
The deposition of the latter from such a solution need 
not follow so long as there is no trace of the substance 
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preaent in the solid form, and we can thus often keep 
a super-saturated solution for an indefinite period, if 
care be taken to prevent any such contact. Should, 
however, some of the solid be present, precipitation 
must necessarilj go on until equilibrium is established. 
But, as this ensues only on the contact surfaces between 
the solid and the solution, it is possible even under 
those circumstances to retain— with only a very gradual 
diminutiou — the state of super-saturation for a long 
time, provided that the contact surface is small and 
that mechanical movement is avoided. 

On the other hand, deposition may come about in 
a super-saturated solution without any of the solid 
being present And this occurs the more easily and 
surely the greater is the ratio between the momentary 
concentration and the final concentration corresponding 
to ec[nilibrium. Deposition ia further often promoted 
by vigorous shaking, stirrings etc* 

It follows that — under otherwise similar conditions 
— super-saturation is easier to bring about, the more 
soluble the solid is. The three sulphates of barium, 
strontium and calcium furnish a good instance of thia ; 
while the precipitation of the first of these salts is 
almost instantaneous, even from very dilute solutions, 
that of the second i-equires a measurable time, and in 
the case of sulphate of calcium a moderate super- 
saturation may last for weeks and months* It is, 
however, obvious that the special nature of the substance 
exerts an influence here, thus causing certain compounds 
to show the phenomena of super-saturation very readily, 
while with others it is very hard to get them. 

The most effective way of ending a state of super- 
saturation is to shake the solution thoroughly with 
some fragments of the solid in question, or to continue 
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fltirring for a long time after a precipitate has once 

I formed. Speaking generally, this putting an end to 
super-saturation is a time-phenomeDon of the general 
clmracter described on pp. 70-72. 



20. The SQlnUlity'Frodmt 



I 
I 

I 



It is only in very rare cases that precipitates 
obtained in analysis can be redissolved unaltered. 
On the contrary, they are almost without exception 
electrolytic in their nature, and their aqueous solutions 
contain mainly the ions of the compound, together 
with a very small portion of non-ionised salt Since 
we are dealing here with very difficultly soluble sub- 
stanceSi we may always regard their solutions as — for 
practical purposes^ — completely ionised. 

In order therefore to ensure the fullest practicable 
separation of his precipitate, the analyst has to establish 
such a condition in the solution that the latter shall 
dissolve the precipitate to the least possible ejctent. 
In the case of unaltered soluble or indifferent sub- 
stances {€,g. sugar), this is achieved on the one hand 
by lowering the temperature^ and on the other by the 
addition to the solution of something wiiich serves to 
diminish its solvent action, ix. of some substance in 
which the solid is even less soluble than in the main 
constituent of the liquid. We can in this way, for 
example, separate many organic compounds from 
solution in ether by adding hexane, or resin from 
solution in alcohol by adding water. 

When the precipitate is an electrolyte, we have a 
very perfect means at command for diminishing its 
solubility, viz. hy the addition of anothei' eUttrolyte^ 
which has an ion in common with the precipitate. 
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Ill the saturated aqueous solution of au electrolyte 
we have a complex equilibrium. On the one hand 
the solid is in equilibrium with the non-ionised portion 
of itsdf Tsrhich is in solution, while on the other this 
non-ionised portion is in equilibrium with the dissoci- 
ated part, Le. with the ions of the same substance. The 
first equilibrium comes under the law of proportional 
concentration, or, since we are dealing here with a 
substance of unalterable concentration on the one 
hand, the concentration of the non- ionised portion 
in the solution must have a perfectly definite value. 
Tor the second equilibrium we have in the simplest 
case, i,e. when the ions of the compound are mono- 
valent— 

a and h representing the concentrations of the ions 
and c the concentration of the non-ionised portion 
(see p, 59). 

Now since c is constaut at a given temperature, 
as we have already seen, kc and therefore ab must he 
constant also. Equilibrium is thus established between 
a precipitate and the liquid above it when the product 
of the concentrations of the two ions, into which 
the precipitate falls, has a definite value. This 
product may be termed the soluMlUy-product for the 
sake of brevity. 

If the electrolyte consists of polyvalent ions in the 
proportion mA : ?tB, the solnbüity-product takes the 
form ; 

rt''*6'* = a constant. 

Whenever in any liqvM the solubUiiy-produd of a 
solid is exc^dedt the liquid is super -saturated with 
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resped to that solid ; hut wliemmr the sohihilily-prodiid 
is 'tiot yd Tcmhed, the liquid exerts a solveiU adion tipo7t 
the mlid. The whole theory of precipitates is com- 
prised in these simple laws, and all the accompanying 
phenomena — the diminution as well as the so-called 
ahnormal increase in aoluhihty^can not merely be 
explained by their aid, but can be predicted when the 
conditions are given. 

In considering the application of the law with 
respect to the completeness of the precipitation of 
any given substance^ we have to remember that the 
analyst's task is always to separate a definite ion* 
Thus a precipitate of barium sulphate is produced 
with the object of determining either the sulphuric 
acid ion, SO^", or the barium ion, Bn' V precipitation 
being brought about in the first case by adding a 
barium salt, and in the second by adding a sulphate. 
Let iia consider the former. If we add exactly the 
equivalent in barium salt of the SO^" present, some of 
the latter remains in solution — as much, namely, as 
will yield the solubUity- product of bariina sulphate 
with the Ba" ions which are also present. But if 
more barium salt be now added, the corresponding 
factor of the product will be increased ; the other 
must therefore become smaller, and some more sulphate 
will be thrown down. Further addition of barium 
salt increases the effect still morsj but the quantity of 
SO/' ions can never be reduced to zero, since it is 
impossible to make the concentration of the Ba ' ' ions 
infinitely great 

This puts us in a position to appreciate the old- 
established rule, always to use an excess of precipitant 
But a further nüe follows from the above considerations 
also, viz. that this excess must always be greater, the 
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inore soluble the precipitate is. For, in order to reduce 
the concentration of the precipitable ion to the Tith part 
of that which it has in the pure aqueous solution of 
the precipitate, 7i-times the quantity of the other ion 
are required; the amount of the latter must thns be 
increased in that proportion. If, therefore, we set 
ourselves to reduce the solubility down to a given 
ahsoluie amount of the precipitable ions, the concentra- 
tion of the precipitating ions must be multipHed by 
the ratio of the two solubility-products, in order that 
the end may be attained* 

In the case of most precipitates a moderate excess 
of precipitant is sufficient for the purpose. Of course, 
if a precipitate is to be of any use for analytical 
purposes, it must have a small solubüity-product. 

What holds good for the throwing down of a 
precipitate also retains its significance for the washing 
of the latter. If the precipitate should be appreciably 
soluble in piure water, loss can be avoided by washing 
with a solution containing an ion in common with the 
precipitata Thus sulphate of lead is better washed 
with dilute sulphuric acid than with pure water, and 
mercurous Chromate with a solution of the nitrate. 
For obvious reasons these wash- liquids are most con- 
veniently made of a dOute solution of the precipitant ; 
they are so chosen as to cause the least possible 
inconvenience in the subsequent treatment of the 
precipitate. 



21. Some Frecipitcdion-EeactioTiß 

Precipitation always follows in a liquid, in accord- 
ance with the above laws, when ions which belong to 
a substance of less solubility or of small solubility- 
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product meet in a liquid. Tbe relations are simplest 
iu the case of neutral salts, which — -as already stated 
on p. 49— are strongly ionised to about the same 
extent more or less. It is thus sufficient to bring 
together two salts, each of which contains one of the 
ions in question alongside of any other ; e.^. a neutral 
barium salt yields a precipitate of barium sulphate 
with any neutral sulphate. 

PThe relations are more complete when acids or 
bases come into play, since in their case we may have 
any degree of ionisation, from the strongest to the 
weakest, whereby the conditions may be such that 
there is no precipitation at all, although this takes 
I place when solutions of the corresponding neutral salts 
^■fu^e employed. Thus calcium salts ai-e thrown down 
^ty al! carbonates, while free carbonic acid Ixas no effect 
upon them. This arises from the soluble carbonate 
being ionised normally; if a solution of the latter 

tis added to a solution of a calcium salt, the product of 
the concentratioBS of the carbonic acid and calcium 
ions is far greater than the solubüity-product of calcic 
carbonate^ and precipitation ensues. On the other 
hand, carbonic being an excessively weak acid, its 
aqueous solution contains only a minute proportion of 
carbonic acid ions; and thus, notwithstanding the 
abundance of calcium ions, the critical value of 
the solubility* product is never reached, and conse- 
I quently no precipitate of calcium carbonate can 
^_ form. 

^P The case of lead salts is somewhat more complicated. 
[ Carbonate of lead is less soluble than carbonate of 
calcium, and therefore when carbon dioxide is led 
into a moderately concentrated solution of a lead salt^ 
the value of the solubility-product is reached, in spite 
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of the small Ionisation of carbonic acid into CO,^" 
and 2H* J hence precipitation ensues. This causes 
the disappearance of Pb" iaus on the one Laud and of 
COjj" ions on the other, while there remain the hydrogen 
ions from the ionised carbonic acid and the anions 
of the lead salt — 2 NO/ if lead nitrate is used — ix, 
free nitric acid is produced. If the reaction is canied 
further, the concentration of the latter, te, of the 
hydrogen ions, increases; these hinder the ionisation 
of the carbonic acid (cf. p* 63), so that a point is 
ultimately reached at which no more carbonic acid 
ions can be formed^ and consequently no more carbonate 
of lead precipitated. 

It depends upon the anion of the lead salt to 
what extent the reaction goes on. If it is one of a 
strong acid, the hydrogen ions remain in that state, 
and soon attain to the critical concentration. If ^ on 
the contrary, it is one of a weak acid, then the 
hydrogen ions unite in greater or less degree with 
those anions to non-ionisable acid,* and the decom- 
position goes much further. Thus acetate of lead is 
precipitated by carbonic acid to the extent of two-thirds, 
while tlie nitrate is only just afifected- 

If some strong acid be added beforehand to the 
solution of lead salt, precipitation will be altogether 
prevented, since the presence of the hydrogen ioos will 
stop the carbonic acid from dissociating far enough to 
yield the value of the solubüity-product with the lead 
ions. On the other hand, the decomposition of a solution 
of lead acetate can be materiaUy increased by adding 
another soluble acetate to it. This increases the 
acetic acid anions, which are thus enabled to bind 
far more of the liberated hydrogen anions to non- 
ioniaed acetic acid, before these latter reach their 
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critical concentration and thus prevent the Ionisation 
of the carhouic acid, and with this the precipitation of 
carbonate of lead. 

Precisely similar conditions apply to the precipita- 
tion of metallic salts by sulphuretted hydrogen, wbich 
is such an important procedure in analysis. As this 
will be discussed in detail in the special part of the 
book, no further reference need be made to it here. 

The conditions which regulate the diflerences in 
the action of basic precipitanta are likewise the same. 
The strongly ionised caustic potash precipitates all 
the sparingly soluble hydroxides, while the slightly 
ionised ammonia can only bring down the weakly 
b^töic among them ; the latter, for example, cannot 
precipitate the hydroxide^ — sparingly sohible though it 
is — from calcium salta 



2 2. Th€ Medwsolvinff of Frecipitates 

The laws governing the solubility -product also 
furnish us with a complete answer to the query — 
What are the conditions under which precipitates 
become soluble again ? We may expect that every 
cause which diminishes or practically eliminates one 
of the constituents of a precipitate from the solution 
{ie. one of the ions or the n on -ionised portion) must 
increase the solubility of that precipitate. And it is 
the fact that when a substance producing this effect is 
added, so much of the precipitate goes into solution as 
allows of the product regaining its original definite value. 

The simplest and most common case in point is 
the solution of an '* insoluble '* base in an acid. 
When, for example, magnesium oxide is stirred up 
with water, it forms a solution containing the ions of 

G 
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magnesium and hydroxy!, together witli a very small 
quantity of non- ionised hydroxide. If an acid like 
hydrochloric is now added, whose solution consists 
substantially of hydrogen and chlorine ions, the 
hydrogen and hydroxjl ions immediately join together 
to form water.^ The product of magnesium and 
hydroxy^ therefore becomes too smaU, and more 
magnesia passes into solution, the process repeating 
itself continuously. This goes on until all the 
hydrogen ions of the Iiydrochloric acid are used op; 
ia the solution we find the corresponding quantity of 
magnesium ions together with the unaltered chlorine 
ions, %.€. magnesimn jehloride. Less magnesium 
hydroxide naturally dissolves in the solution of this 
salt than in pure water, since there is now a large 
excess of magnesium ions present. 

The action of a soluble base upon a spaiingly 
soluble salt, with which it unites to form one easily 
soluble, is explicable in exactly the same way. 

The action, too, of acids upon many difficiiltly 
soluble neutral salts is dependent upon the same 
causes. When, for instance, hydrochloric acid acts 
upon calcic phosphate, the ion of the phosphoric acid 
present in solution unites with the hydrogen of the 
hydrochloric acid to form non- ionised phosphoric 
acid for the most part, the latter being much less 
ionisable than the halogen acid. Phosphoric acid 
ions thus disappear, and new calcium phosphate must 
go into solution, and so on- This case differs, how- 

^ As hm bee El mentioned alreail^ on p. 6ß, water is onlj ionisable 
to an exceptionally slight extent, and It i8 therefore always produced 
when liydiogen iwid hydioxyl lona meet. 

^ Stri(^tlj speaking, tlie product of the magnesium and the Sf^uare 
of the hydroxy!, the formula being — 

Mg(0T])3 Z Mg- + 20ir. 



^ 
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ever, from the preceding one in that the hydrochloric 
acid cannot dissolve quite its equivalent of calcium 
phosphate. For, since the phosphoric acid ionises 
of itself, albeit to a far less extent than the hydro- 
chloric, its anions are not so completely used up as 
those of hydroxy! were in the former case, but ac- 
cumulate the more in the solution, the more hydrogen 
ions of the hydrochloric acid have been already 
consumed. It is ultimately present in such large 
quantity as to give with the augmented calcium ions 
the critical value of the product, when the solvent 
action of the hydrochloric acid ceases, although free 
hydrogen ions are still there. 

It is thus obvious tlmt an essential condition of 
the reaction consists in the resulting acid being but 
slightly ionisable* In other words, only sparingly 
soluble salts of wmk acids, and not salts of strong 
ones, are dissolved by strong acida This deduction 
is completely confirmed by experience; the halogen 
compounds of silver, the sulphates of barium and lead, 
and other compounds of strong acids are insoluble in 
dilute acids, even when the latter are among the 
strongest known and form soluble salts with the 
metals of the precipitates in question. On the other 
hand, all sate of the weaker acids are soluble in strong 
acids, and this the ujore, ceterü paribiLs, the weaker 
the acid is. Thus, most of the phosphates dissolve 
readily in acetic acid, while the oxalates — as salts 
of a stronger acid — dissolve but sparingly, although 
readily in hydrochloric acid. Since, however, the 
solubility of precipitates depends not merely upon 
this, but also upon the numerical value of the solu- 
bility-product, the subject is more complex than one 
would expect from what has just been said, 
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Exactly the same considerations apply to the 
solution of insoluMe salta of weak soluble bases in 
strong bases; such instances are, however, not of 
common occurrence. 

The cases which have been discassed above are 
not the only ones in which insoluble precipitates are 
brought into solution by reagents, for the ions of these 
may experience other fates than transformation into 
water or into non-ionised acids or bases. Every re- 
action which tends to dimiuish the number of free 
ions produces a like effect. A fe%v phenomena in 
point will therefore be taken now in order that we 
may get a general idea of the subject ; all the more 
important analytical reactions of this kind will be 
considered in detail in the special part ol the book. 

Alumina dissolves readüy in alkalies, but is very 
slightly soluble in water. The aqueous solution 
contains the ions AT" and 3 (OH)', and the pre- 
cipitate is in equilibrium with these as well as 
with the non-ionised dissolved aluminium hydroxide. 
On the addition of potash the latter changes into 
potassic aluminate, AlO^K^, whose ions are AlO^'" 
and 3K*, and a part of the suspended alumiua must 
dissolve (in w^ater) in order that the equilibrium may 
be re-established. This aqueous solution is in its turn 
attacked by potash, and tlie interactions go on repeat- 
ing themselves until the potash is no longer capable 
of transforming more aluniiiiium hydroxide into 
aluminate. The action in this case thus depends 
upon the conversion of the cation Al'" into the anion 
AlOg''', and upon the loss of the former as regards 
the equilibrium. 

The solvent action of ammonia upon the salts of 
copper, silver, nickel, eta, is still simpler. In the first 
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place the hydroxide in question is precipitated (as 
given on p. 81). On further addition of precipitant 
the metallic ion unites with the excess of ammonia to 
form a compoond ion of the general formula M(NH^)j^ ; 
the equilibrium is disturbed by the disappearance of 
the metallic ion, hence new hydroxide goes into 
solution, the metallic ion of which is in ita turn used 
up, and so on. 

The solubility of many otherwise insoluble metallic 
compounds in cyanide of potassium can be explained 
in the same way. Thus, ferrous hydroxide acts upon 
potassic cyanide to form the ferrocyanide and free 
potash — 

re(0H)2 + 6KCN = K4Fü{CN)g + 2K0H, 

The reaction is that the ferrous ion unites with the 
6CN to the anion of ferrocyanide of potassium, so that 
as the ferrous hydroxide passes into solution it is 
immediately transformed, and more of it must go on 
dissolving nntil the amount corresponding to the 
formula has been converted. The solution contains 
no ferrous ion demonstrable by analysis, for it gives 
none of the reactions which are characteristic of 
ferrous salts. 



23. Complex Compound& 

These are characterised by the fact that one of the 
ions of the original salt is eliminated, by becoming a 
constituent of a more complex compound in which it 
no longer plays the part of an ion, or, at least, only to 
a very small extent Cases of this sort are quite 
common, and have a special significance for analytical 
chemistry, in that the reactions of the original ion 
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iQ question cease and give place to othei^. Thus, 
annnoniacal silver and copper solutions show essentially 
different reactions to the ordinary salts of these metals ; 
the usual reagents for iron faü to detect the latter in 
potassic ferrocyanide, and so oo. 

Salts in which elements that usually occur as ions 
are constituents of a larger group or compleXj that no 
longer allows of the separation of the original ion to 
any appreciable extent, are termed mm^plex: sails. The 
latter are, however, not to be confounded with ordinary 
double salts like alunij potassium-magnesium sulphate, 
carnallite, etc. These show aU the reactions of their 
constituents, breaking up in solution — to a great 
extent if not entirely — into their original constituent 
salts, i.e, into the ions of these. Unlike complex salts, 
therefore, double salts require no clianges of analytical 
method for the detection of their several ingredients. 

The difference between complex salts and ordinaiy 
double salts is, however, not an absolute one ; it is 
better to regard both as the limiting terms of a con- 
tinuous series, A solution of any complex salt must 
be looked upon as containing the simple ion, but in 
too small quantity to be detectable by reagents. Con- 
versely, we must suppose a solution of a common 
double salt to contain a certain amount of the un dis- 
sociated complex, but again too little to appreciably 
affect the ionic reactions. There do exist, indeed, a 
small number of compound salts wliieh stand between 
those limits, but in most cases one c^n have no doubt 
as to whether any given compound salt belongs to on© 
or other of the two classes. 

There are thus two courses open to the analyst for 
the treatment of such cases. He may either establish 
the analytical properties of the complex ions and 
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estimate the latter as such ; or, he may destroy these 
complexes by any suitable means (e.g. by heating with 
a strong acid or base), and then deal with the simple 
iona produced. 

One or two points have still to be noted with 
regard to the relative stability of complex ions. This 
is very different in different cases. Thus, while the 
anion of potaaaic ferrocyaaide, Fe (CN)^, is extremely 
stable and does not answer to a single test for 
iron, other complexes are less so, and show certain 
reactions of the simple ions. For instance, the salts 
of the complex süver cyanide ion — eg, the potassium 
silver salt, KAg (CN)^ — while not destroyed by a 
soluble chloride, bromidej or iodide, and therefore not 
showing the süver reactions with these, are decomposed 
by sulphuretted hydrogen or ammonium sulphide. 
This proves that the complex, AgiOi^l^, is broken up 
partially, if very slightly, into the iona Ag' and 2 ON'» 
Süver ions are therefore present in small but appre- 
ciable amount in the solution of the potassium salt. 
This amount is not sufficient to give with the halogens 
the solubility-product of the corresponding sparingly 
aoluble salts ; but the much smaller solubility -pro duet 
of suver sulphide is attained in presence ot sulphide 
of ammonium, and hence the first -named sulphide 
separates out. 

It is also quite possible for certain complex com- 
pounds to give some individual reactions of the simple 
ions and not others ; this will occur with one reagent 
which ia more sensitive than a second one, provided 
that the concentration of the ion is sufficiently great 
for detection by the former reagent but not by the 
latter. 

The halogens and compound anions often behave 



8S F0U1^:DÄTI0NS of analytical chemistry chap. 

in a similar way. Thus, tlie oxygen acids of the 
halogens, the halogen substitution products of organic 
compounds, and the acid esters of sulphuric and other 
polybasic acids are complex compounds iu this sense, 
since they do not show the reactions of the simple 
ions in q^nestion. But cases of this kind are so 
frequent that the chemist is at no loss with regard to 
tliem, and they do not make tlie apparently contra- 
dictory impression which is produced by the relatively 
few complex metaUic compounds. 

Further instances will be considered in the special 
part of the book. 



§ 5. REACTIONS ATTENDED WITH THE LIBERATION 
OR AHSORPTION OF GAS 

24. The Liberation of Gm 

The second caae of separation, i.e. the separation of 
liquids from gases, is much less frequent in analysis 
than precipitation. Two opposite procedures have to 
be distinguished here, viz, either liquids alone are 
present, and one of them has to be converted into 
gas, or we have a mixture of gases, one of wiiicb has 
to be transformed into liquid or solid. 

For the liberation of a gas from a liquid, in which 
the former is present either actually or potentially, 
the laws of heterogeneous equilibrium apply just as iu 
precipitation. Here, however, we have not got the 
simplifying factor that came into the latter calculation, 
viz. that one of the substances possesses a constant 
concentration» True, so long as a gas is pure and 
under a constant pressure {e.g. that of the atmosphere), 
it may be looked upon as being of constant concentra- 
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tioD. But Tvhen another gaa is aduiixed with it, the 
concentration or the partial preseure can easUy be 
reduced to any value, and in this possibiUty there lies 
an important aid to analysis. 

The phenomena of super- saturation can he hrought 
about very readily in solutions of gases, as in those of 
solids ; if the super-saturation is only slight, it may 
last for a long time, but if considerable, it ends itself 
spontaneously, when we have effervescence taking 
place. The mode of putting an end to it is to bring 
the solution into contact with any gas, being thus of 
more general application than in the ease of solutions 
of solids. When tl}0 super-saturated solution is thus 
in contact with some gas, the gas which is dissolved 
diffuses into this, and the process is the more rapid 
the greater the degree of super- saturation. Thus every 
bubble of gas in the liquid aids in the separation of 
furtlier gag. Pj^ctical use is made of this, in order 
to rid a liquid of the last portions of a gas which does 
not escape spontaneously, by passing a current of some 
other indifferent gas through the solution. 

The amount of gas which without this means of 
expulsion would otherwise remain in the solution is 
proportional to the pressure, the absorption- coefficient 
of the gas in the liquid (which diminishes as tlie 
temperature rises), and the volume of the latter. A 
spontaneous escape of gaa or effervescence will thus 
only take place if the amount of gas in question is 
appreciably greater tban what would be dissolved 
under the above conditions. It is therefore advisable, 
in those cases where only a little gas is to be looked 
for, to work with as concentrated solutions as possible 
and at a raised temperature» 

Gases which dissociate for the most part into ions. 
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when dissolved in water, cannot be expelled from 
moderately dilute solutions. The halogen hydmcids 
are examples of this. In order to obtain such sub- 
stances in the form of gas, they must be generated 
under conditions which make the dissociation into ions 
impossible, or at least reduce this to its lowest limit ; 
and water, more especially, must be absent. The 
expulsion of hydrochloric acid gas from its aqueous 
solution, by the addition of concentrated, sulphuric acid 
(a method wliich one sometimes uses for purifying 
crude muriatic acid)^ depends upon the reproduction 
of non- ionised hydrogen chloride, as set forth on 
p. 65. 

In accordance with this, all those gases which can 
be completely expelled from their aqueous solutions 
are either indifferent ia their nature, or, should they 
be acid or basic, they yield only weak acids and bases. 
Ammonia and sulphur dioxide stand approximately at 
the outaide limits of these, Tliis gives us a guide 
with respect to the con version of any given substances 
into gases for purposes of separation^ — the resulting 
gas must be as far as possible of an indifferent nature, 
for ions are not volatile. A slight Ionisation makes 
this separation more difficult but not impossible. For, 
although only the non-ionised part assumes the gaseons 
form and can thus be expelled, the diminution of this 
portion alters the Ionisation- equilibrium continuously, 
in that fresh non-ionised substance is built np at the 
cost of the ions, until these finally disappear. 



2Ö. TJie Absorption of Gas 

The reverse applies to the chemical absorption of 
a gas. We have to get it into the ionic state ; hence 
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acid gases must b€ absorbed by alkaline liquids and 
basic gases by acid ones. To bring about tbe absorp- 
tion of an indiflerent gas from a mixture is much 
harder, since all reactions in which non-electrolyteB 
take part proceed more slowly than ion reactions. 
For the rest, the most thorough possible contact must 
be brought about, by one or other of the means which 
have been already detailed. 

The chemical absorption of a gas by a solid takes 
place under like conditions. The essential role of 
ions becomes apparent here from the fact that with 
absolutely dry substances the usual reactions between 
gases alone and between gases and solids generally 
remain in abeyance. It is not, however, necessary as 
a rule to observe any particular precautions in this 
respect in an analysis, since most substances attract 
sufficient moisture from the air during the operation 
to allow of the production of the very small quantity 
of ions necessary to the commencement of the reaction. 
But whether this explanation holds good in every case 
of the kind requires further investigation. 



I 6, REACTIONS ACGOMPANYIKG THE EXTRACTION OF A 
DISSOLVED SUBSTANCE FROM ONE SOLVENT BY 
MEANS OF ANOTHER. 

2 6. inßuence of tk€ Imiic State 

In separations which are brought about by the 
aid of two non-miscible liquids, we have always an 
aqueous solution to deal with on the one hand, and it 
is therefore well to bear iu mind that ions will no 
more leave the aqueous solution in such a case than 
they will assume the gaseous form. In order, there- 
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torej ta separate a substance from its solution in water 
by etiler, benzene, or any such liquid, it must be 
brought into a coodition in which it is neither an ion 
itself nor a constituent of one. 

What was said on p. 90 applies to partially 
ionisable substances also. It is only the non-ionised 
portion which is affected by the process of extraction^ 
an<l therefore the distribntion-coefticient and the law 
given on p. 41 apply to it only, So» to "shake np" 
solutions of such substances to the best advantage, 
the conditions luust be regulated with the view of 
having the non-ionised constituent present to the 
greatest possible extent. The aqueous solution must 
therefore be made as concentrated as circumstances 
will permit, and it is a great additional help, when 
dealing witli acids of only moderate strength, to add 
some very strong acid such as hydroehloriCj and when 
dealing with bases of moderate strength, some alkali. 
It follows from what was said on pp. 64, 65, that such 
additions will increase the amount of non-ionised sub- 
stance, and hence a given quantity of the second 
solvent will withdraw from the aqueous solution 
more of the substance in question than it could other- 
wise do. 

We may look forward to the methods of separation 
by extraction by means of a solvent — e.g. with regard 
to the alkaloids — becotniog further elaborated than 
they are at present More particularly we may expect 
distinctions to be drawn between a strongly acid solu- 
tion (hydrochloric acid) and one weakly acid (acetic 
acid plus sodium acetate), of which the one will retain 
the substances that can be extracted from the other. 
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§ 7. THE ELECTROLYTIC METHOD 
27* Bm€timi& at the EUdrodes 

Electrolytic methods differ from all the other 
methods of separation which have been already dis- 
cussed, in that the cliemical transformation and 
mechanical separation are in their case comprised in 
one act. The procedure is based upon the fact that, 
by the actiou of an electric current, the positively 
electrified cations move in the direction of the positive 
slope of the electric potential^ and the anions in the 
opposite direction. So long as those movements take 
place inside the electrolytic liquid, they are governed 
by the law that equal q^uantities of positive and 
negative electricity must be present together in any 
given space, and therefore also equivalent quantities 
of positive and negative ions. For, according to 
Faraday's law, equivalent quantities of ions — be they 
what tliey may — -are combined with like amounts of 
electricity, the cations with positive and the anions 
with negative. So long therefore as the current passes 
only inside the liquid, it effects no separation ; the 
ions do indeed displace one another, but each space in 
the liquid gets filled up with exactly the same number 
of ions of either kind, as have been driven out of it 
by the action of the current. 

The conditions are, however, entirely altered when 
the electric current is caused to flow to the outside of 
the liquid. Here again equal amounts of positive and 
negative electricity must of necessity leave the liquid 
at the same moment, the point at which the former 
takes place being named the cathode and the other 
the anode. And, since electricity leaves the liquid, 
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the correspondiiig quantity of ions which were charged 
by it must be transformed into the non-electrie or 
non-ionic state. This takes place only at that spot 
where the electricity leaves the electrolyte, and hence 
electrolytic reactions go on solely at the surface of 
contact between the electrodes and the electi^olyte. 

Tlie reaction which takes place at the electrodes is 
not always of the same nature. The simplest case is 
that already mentioned, where equivalent amounta of 
cation and anion pass simultaneously into the iin- 
electrified condition. This is, for instance, what tak§s 
place in the electrolysis of fused magnesium chloride ; 
the anion here is chlorine, which passes from the 
ionic state (in which it is present in the fused salt) 
into that of ordinary unelectric chlorine, and it escapes 
as gas at the anode— -the latter being usually made 
of carbon. An exactly similar process goes on with 
the niaguesiura ions at the cathode ; these change into 
non-electric magneaiam, i.e. into the ordinary metal ^ 
which separates there. 

But the condition — that equal amounts of positive 
and negative electricity must be present at the same 
time in any given poilion of the electrolyte — may be 
satisfied .otherwise. If at the spot where, hj the 
action of the current, a definite quantity of negative 
electricity nmst leave the liquid, an equal amount of 
positive electricity enters, the condition is likewise 
fulfilled, since it is a general law that any movement 
of positive electricity may be leplaced by an equal 
and opposite movement of negative. The chemical 
reaction corresponding to this second case is, however, 
a totally different one, for now w^e have the anion 
remaining in the liquid and the equivalent amount 
of cation leavin" it. This result is attained when 
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the electrodes are made of some substance whioh can 
pass into the ionic state when charged with positive 
electricity. Should, for example, the anode in the 
case mentioned abore be made of iron, or any metal 
other than the noble ones, the chlorine will not leave 
the ionic condition, but on the contrary an equivalent 
amount of iron wül pass into the state of the opposite 
ion. 

The transformation of a metal iuto the correspond- 
ing cation being termed oxidation and the opposite 
process reduction, the general statement may he put 
in these woi-ds — the anode effects an oxidising action 
and the cathode a reducing. Tliis applies also for 
aubstancea like chlorine and iodine which can pass 
from the non-electric state into tlmt of rtegatim ions ; 
these two are oxidised at the anode and again reduced 
at the cathoda 

Lastly, there is a thii^d reaction possible at the 
electrodes. The necessary alteration in the amount 
of electricity may also be brought about by one ion 
passing into another which has a larger or smaller 
electric charge without its chemical composition under* 
going any change. Such ions with different charges 
and correspondingly different valencies are found more 
especially anioug the metals ; thus mercury and copper 
exist as mono- and divalent ions, tin di- and tetravalent, 
iron and chromium di- and trivalent, and thallium 
and gold mono- and trivalent. In accordance %vith 
this a ferrous salt changes at the anode into a ferric, 
and a mercuric salt at the cathode into a mercurous, 
if the conditions are such that the resulting ions of 
different valency can remain permanent. 
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28. HiB Electro-Chemical Series 

Onlj a limited application of these various possi- 
bilitiea is made in electro-analjsia, this being almost 
entirely confined for the present to the flrst-mentioned 
reaction, viz. the tranaformatiou of metallic ions into 
the non-electric state, or the separation of dissolved 
metallic elements in the form of a compact metal. The 
following conditions apply here : — 

Every metal has a definite difference of potential 
with respect to the solntion of any one of its salts, 
which, with f^iven temperature, is alone dependent 
upon the coTicentration of the metallic ions in the 
solution. This difference may be either positive or 
negative, and the transformation of the metal into the 
ionic condition must accordingly follow either with the 
gain or the expenditure of energy. We have the first 
occurring in the case of the easily oxidisable metals, 
ix. of the metals which pass readily into tlie ionic 
condition ; in this group are comprised the metals at 
the so-called " positive ^' end of the electro- chemical 
series, from potassium to lead. On the other hand, the 
conversion of the metals succeeding lead — i.e. copper, 
mercury, silver, etc, — from the metallic to the ionic 
state requires the expenditure of energy, and the con- 
verse transition of ions into ordinary metal is accom* 
panied by a gain of energy ; these metals are thus 
spoken of as being easily reducible. If we were there- 
fore to make a mixture of the electrolytes of all the 
metals and subject them to a gradually increasing 
electro-motive force, the metals would be sepamted in 
the order of the differences of potential existing between 
themselves and their electrolytes ■ the so-called noble 
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metals would be the first to appear, and then — with a 
higher potential — copper, then lead, iron, tin,' zinc, 
and so on. 



29. Inßtie^ice of Water 

If this mixture consisted merely of the metallic 
cations and the requisite auions, the analysis might 
be carried down to potassium. But in an aqueous 
solution this point is never reached, because water 
contains the cation hydrogen, and this is separated out 
at a definite potentiah When the potential reaches 
the value requisite under the existing conditions for 
the separation of the hydrogen, the metallic ions 
which follow it in the series cannot become discharged, 
and all possibility of the electrolytic separation of 
these metals seems to be at an end. 

The position of hydrogen in the electro-chemical 
series is, however, by no means so definite as the posi- 
tions of the solid metals, this being due to its gaseous 
state of aggregation. From this cause there arises the 
possibility of very exaggerated super-saturation pheno- 
mena, so that with suitable precautions hydrogen may 
be relegated to a position far behind that of the positive 
or zinc side of the series. As a matter of fact its 
place under normal conditions is near to that of lead, 
and in the electrolysis of the salts of all the more 
positive metals^ — e,g. of cadmium or zinc — we must 
obtain hydrogen from the aqueous solution of metallic 
salt instead of the metal itself. And this is really 
the case if the electrolysis is carried out with a very 
weak current, so that the resulting super-saturations 
have time to disappear. But if the strength of the 
current is increased, or to speak more correctly — 
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the density of the current, le. the streugfch divided by 
tlie electrode surface, this reaction ia checked, and we 
get for the most part an electrolysis of the metallic 
salt instead of an electrolysis of water. Further than 
zinc, however, it is scarcely possible to get in this way 
under normal conditions, although Bunsen has proved 
that even barium and other alkaline earth metals can 
be separated from warm concentrated solutions by 
usiug currents of excessive density, A mercury 
electrode is of especial value here, since the super- 
saturation of the hydrogen can attain a far higher 
value upon the smooth surface of the liquid metal 
than it can ou ordinaiy solid electrodes. 

As has been ali'eady mentioned, the potential at 
which the separation of any given metal takes place is 
dependent upon the concentration of the ions, and it 
must therefore be the further towards the zinc side^ 
the less the concentration of the corresponding 
cations. The difference is, however, not great for 
such concentrations as we have to deal with in 
analysis. The diminution of the ion concentration to 
the thousandth part of its original value (which forms 
the limit for most quantitative determinations) causes 
in the most extreme ease — ^that of inonovaleut metals 
— a difference of j)0tential of 017 volt, while in the 
case of a divalent metal the difference is only half as 
much- The differences existing between the various 
metals are for the most part much greater than this* 
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3 0, Lifiuencc of Comiüex Comfomi^h 

Quite other conditions prevail if the concentration 
the metallic ion uoder[(oes alteration throudi the 



latter passing into some complex compound. 
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compoiiDd in which it does not show the reactions of 
its ions. Although evea in such a case we must 
assume that the sohitioti contains a certain amount of 
the metal in the state of ordinary ions, this amount 
may be so extremely minute under certain circum- 
stances as to be quite beyond the limits of analytical 
proof The apparent electro-chemictil poßition of the 
metal then undergoes marked displacement, which is 
invariably towards the zinc side — in other words, the 
metal behaves as if it were less " noble" than it really 
is. For example, gold is unaffected by the oxygen of 
the air, even when in contact with acids or other 
reagents, but it is attacked by a dilute solution of 
potassic cyanide when the air has access (there is no 
action in absence of air). The reason of this is that 
gold forms with cyanide of potassium a complex salt 
—potassium aurocyanide. In solutions of this salt 
the gold is present almost entirely as the group 
Äu(CN),„ and the concentration of the gold ions 
proper is so small that about the same difference of 
potential exists between the metal and the solution 
as between copper and hydrochloric acid (containing 
some copper) ; tlie oxygen of the air therefore acts 
upon the system so produced, as it does upon copper 
in hydrochloric acid, Ik. the gold is dissolved with 
absorption of oxygen. 



31. Comhmon 

The above exposition includes the points which are 
of most moment for the application of electrolysis to 
chemical analysis. The great advantage of tbis pro- 
cedure lies in the fact that, by the transformation of 
metallic iou into metal, the mmhaitical separation of 
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the latter is eflected without any further labour of 
filtration, etc. True, this advantage is only gained if 
the metal separates out in a compact mass, which is 
not the case nnder all circumetancea ; it is thei^fore 
essential for the practice of electro-analysis to learn 
the conditions under which the metal will assimie the 
desired form. Ko general rule can be given for this 
as yet, so that we must be content for the present to 
find out empirically what the most favourable coDdi- 
tions are. Further, the separation takes place at a 
definite spot, ie. at the cathode ; the substance sought 
for can thus be compelled to betake itself from a 
dilute solution to a given point, whereby the handling 
of large (quantities of liquid is avoided. Lastly, after 
the necessary arrangement of apparatus, etc., has once 
been made^ the electrolytic process involves no 
labour or attention from beginning to end, and the 
accuracy of the analysis is thus far less dependent 
upon the skül of the operator than is the case in the 
ordinary mechanical methods. 

The heavy metals constitute almost the only 
elements which have as yet been treated methodically 
in electro- analysis ; the light metals take a position 
in the electro-chemical series which is too far apart 
from that of hydrogen to allow of their electro- 
lytic separation from an aqueous solution. Most 
metals separate out at the cathode ; it is, however, 
important to note — what Becquerel proved as long ago 
as 1830 — that those metals which yield electrically 
conducting peroxides, more especially manganese and 
lead, can be separated very conveniently in this form 
at the anode. 
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32. S^aratioii of the Meials 

The quantitative, s&paration of the metals by elec- 
trolysis rests upon the ciifterences of potential — just 
described— which are requisite for the separatioii in 
the metallic state. We may either prevent the 
separation of certain metals, which would come dowu 
under ordinary conditions, by converting them into 
complex compounds whose potential of precipitation 
lies very high, and this is the method which has been 
generally followed up to now. Or we can use from 
the beginning a measured electro-motive force, which is 

:her than the potential necessary to precipitate the 
TioHest among the metals present, but lower than the 
potential of decomposition of the succeeding metals. Ey 
taking advantage of the circumstance that the stability 
and therefore also the potential of decomposition of the 
complex salts formed by different metals under like 
conditions are often very different, we may frequently 
vary the conditions sufficiently to allow of our getting 
at those which are most favourable for the purpose. 

The principle of a measured electro-motive force ia 
also applicable to the separation of the halogens ; but, 
so far as I am aware, no use has been made of this. 



§ S. A LAW OF SUCCESSIVE REACTIOH^S 



^^^^ The result of a chemical reaction is iu many cases 
" not a simple one, but various results may be brought 
about under given conditions. Between the initial 
and the final state a number of transmutations are 
possible ; so that all the individual states which 
may be evolved from the original conditions can be 
ultiniately arranged in a series that starts with the 
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first condition and includes all other ])osöible states, 
in the order of their lesser or greater stability. In 
such a series a spontaneous change can only take 
place from a less stable to a more stable form, and 
never in the opposite sense- 

The query may therefore be put, — which of the 
possible states will be arrived at if, for example, the 
least stable state is by some means or other originally 
induced, and then left to change of its own accord ? 
One would imagine that that state would be produced 
which was the most stable under existing conditions^ 
ie. the last of the series. But experience shows — 
what various investigators have observed in special 
cases, and what I have since expressed generally — 
that it is not the most stable state whicli is in the 
first instance produced, but, on the contrary, the least 
stable one which is still possible, i-e. the second in the 
series of stability. 

We are constantly meeting with illustrations of 
this law. ThuSj in precipitation reactions, a super- 
saturated solution is always produced in the first 
instance (p. "73), which afterwards (sometimes after a 
lengthened interval) results in the production of the 
solid form ; this is the case when salts of potassium 
are precipitated by tartaric acid. If several solid 
forms are possible, the first to be produced are the 
more unstable and soluble ones ; hence it is that, at 
the moment of precipitation, nearly every precipitate 
comes down amorphous, and if this were filtered off 
immediately, an appreciable amount of what is ulti- 
mately precipitate would be left in the solution. 
When mercuric chloride is precipitated by stannous 
chloride, it is not metallic mercury, but calomel, which 
is thrown down at first, however much of the reducing 
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salt may have been added ; merciirj is of course the 
final product of the reaction. Similarly, the effect of 
oxidising agents upon oxidisable substances is not to 
immediately form the products of complete oxidation, 
but compouada of on intermediate stage, even although 
these latter seem to be more readily oxidisable than 
the oiiginal bodies. A well-known instance of this is 
offered by the oxidation of alcohol by chromic acid, 
when aldehyde is at first produced, though the latter 
is in it^ way more easily oxidised than alcohol itself, 
being able to take up oxygen directly from the air; 
this alcohol cannot do, withont the aid of a ferment 
or a catalyser. 

The proper application of this law is dependent on 
the fact that analytical precipitations, although mostly 
ion reactions of solutions, require an appreciable time 
if they are to be carried out with quantitative accumcy. 
Every teacher knows bow incumbent it is to impress 
upon his pupil the necessity for allowing sufficient 
time for his work, and how disinclined the beginner 
often is to do so. It is hoped that the above para* 
graphs, giving as they do an insight into the reasons 
for this rule, may be of use to teachei's when enjoining 
its practice ; while students will be the more ready to 
carry it out, for understanding the basis upon wldch it 
rests» 




CHAPTER V 



THE QUANTITATIVE DETERMINATION OF SUBSTANCES 



1, Gtneral ConsidercUimis 

With the recognition of a substance — ^a point often 
involving the separation of its constituents from one 
another — the aim of qualitative analysis is achievetl, 
If, however, we wish an answer to the further query, — 
how much of each different substance is present ? — 
then a new problem awaits us, viz. the meamiTenimt of 
their quantities» 

It does not follow that the measurement of a 
substance must always of necessity be preceded by its 
sepamtion from everything else, any more than in the 
case of its recognition. It is a very common thing in 
quantitative analysis to have to estimate in a complex 
sample the amount of one constituent, without paying 
any heed to the others present. We have thus to 
consider separately the methods which allow of 
quantitative estimation only after a previous separa- 
tion, and those in which no such separation is 
required* 

In order that a snbstance may be capable of 
convenient and accurate measurement, it must fulfil 
certain conditions. If, for instance, it has to be 
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weiglied3 it must be unalterable ia the air, iioii- 
deliquescent, and capable if poäsible of withstanding a 
red heat without undergoing chemical change. It is 
at once evident that only a comparatively small 
number of substances will satisfy those conditions. 
On this account the most extended use is made in 
analytical chemistry of the law of constant mass- 
proportions, A compound which is in itself unsuited 
for measurement is converted into some other possess- 
ing the desired properties, and its quantity is calculated 
from the measured quantity of the latter, in accordance 
with the law that the amount of the original substance 
stands in a conf^tant ratio to that of the other into 
which it has been transformed. This ratio can be 
calculated from the law of combining weight«, accord- 
ing to which all chemical combinations between any 
elements whatsoever take place in the ratio of definite 
relative numbers, those numbers being termed the 
atomic weights of the elements. The sum of the 
atomic weights of the compound is its combining 
weight, and the relation between the combining 
weights of two substances, one of which can be 
prepared from the other, is the ratio between the 
weight of the original amount of the first substance 
and the resulting amount of the second. 

Given, therefore, a knowledge of the atomic weights 
of the elements and of the equation representing the 
chemical change in question, we can calculate the 
coefficient which reduces the amount of the original 
substance to that of the ultimate product, and vice 
versa. 

It is not necessary that any constituent of the 
original compound should be present in the one which 
is finally obtained. Thus the quantity of hydrochloric 
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acid present in a solution maj be estimated by allowing 
the latter to act upon an excess of carbonate of lime 
(marble), passing the carbon dioxide generated through 
a solution of baryta, and weighing the precipitated 
barium carbonate. In accordance with the equations 

gHCl + CaCOa = CaCl^ + H^O + CO^, 
Ba(OH)2 + C02 - BaC03 + H.p, 

we know that IBaCO^^ is thus obtained from 2 HCl, 
and we can therefore calculate the required factor 
from the formula-weights 2HC1- 72-92 and BaCO^ 

- 197-04 ; Y^^= 0^3701 is the coefficient by which 

the amount of barium carbonate obtained muat be 
multiplied, in order to give us the original amount of 
hydrochloric acid. 

And what holds good for weighing applies also to 
any other mode of estimation ; hence we have a great 
variety of methods of measurement. We sball always 
assume, in what follows with respect to this, that use 
13 made of the process of transformation if necessary* 
The chief point to be considered in the application of 
this is that any such txBnsformation shall be easy and 
complete. When needful, the agreement between the 
theoretical factor and the empirical must be checked 
from the weighed quantity of the original substance ; 
and any method which does not fulfil this condition 
— ie. in which secondarj^ reactions go on — -is to be 
looked upon with suspicion and rejected, or at least 
only applied in default of a better one. 



2, Ptire Sifhtances 

When once substances have been separated from 
one another, the simplest and most reliable mode of 
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determiniog their amounts is to weigh them. By 
means of the balance we determine directly the force 
with wliich the object weighed is attracted to the 
earth ; and since we laiow that this force is propor- 
tional to the mass of the object, weighing becomes a 
determination of mass. The other properties which 
vary with the amount of substance, more especially 
the volume and the quantity of chemical energy, are 
on their part proportional to the mass, so that what 
we call the quantity of a suMaiwe is arrived at by 
weighing. 

In place of weighing, we may measure other pro* 
perties which are proportional to the mass. Prominent 
among these is the volume, whose measurement is often 
very much easier, and sometimes also more accurate 
than a weighing would be. 

In the case of gases the measurement of the volume 
iSj as a general rule, preferable to weighing, because 
the weight here constitutes but a small fraction of 
that of the containing vessel, and hence the influence 
of errors of weighing becomes very great The effect 
of temperature and pressure on the volume of a gas is 
eliminated by always reducing to normal temperature 
and pressure (0° C. and V60 m.m. mercury pressure), 
according to the formula 

p being the pressure in milli- 
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" 76O(l+O'O0367^)' 
metres of mercnry. 

The weight is got by multiplying the reduced 
volume V(j by the weight of unit volume of the gas» 
In making rigorous calculations we have, however, to 
bear in mind that a column of mercury 760 m.m, 
high is not a perfect definition of normal pressure, 
since the pressui-e thus determined depends further 
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on the iutensity of tlie force of gravity at aoy spot. 
In otlier words, the weight of the reduced unit volume 
of gas depends upon the geographical latitude and the 
height above sea-leveh It would, therefore, be better 
to abandon the old definition of normal pressure, and 
to refer the latter to absolute units. 

In determining the qitaniHty of a liquid from its 
volume, it is only necessary to allow for the tempera- 
ture, the compressibility of liquids and the alterations iu 
atmospheric pressure being so small as to be negligible. 
For the influence of temperature there is no general law 
here ; the expansion on warming must be determined 
separately for each individual substance. As a rule, 
only the apparent expansion by heat is to be taken 
into account when measuring the volume of a liquid, 
i.e. the difference between the expansion of the liquid 
itself and that of the containing vessel. The volume 
ia then reduced by the coefficient of apparent expansion 
to that for the temperature at which the density has 
been determined, or the densities at various tempera- 
tures may be estimated ; the product of density and 
volume then gives the weight. 

It may be said that a measurement of the volume 
of a solid is never applied in analysis for the purpose 
of arriving at its weight, since a solid cannot adapt 
itself to the filling up of an empty space as a liquid 
or a gas can do. The attempts which have been made 
from time to time to determine the amount of a pre- 
cipitate without washing it, from the mean specific 
gravity of the precipitate plus liquid and the specific 
gravity of the latter alone, are based iu principle on 
volume- determination. The inaccuracy of the results 
obtained has, however, prevented any practical applica- 
tion of this method ; this arises from the density of 
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a precipitate rallying, and being infiuenced by adsorp- 
tion in a way that cannot be controlled. 



3, Binary Mhciwrm 

Quantitative estimations in homogeneous binary 
nnxtur«s (more especially in solution), the nature of 
both of whose constituents is known, are constantly 
carried out mthout a separation being necessary. To 
this end we only require to fix on any property 
which has a different value for the two constituents, 
and determine this in a sufficient number of mixtures 
of known composition to allow of its other values 
being interpolated; then from the obaervetl value of 
this property in an unknown mixture, the composition 
of the latter can be arrived at 

The law, according to which the numerical values 
of the property in question depend upon the com- 
position, need not for this purpose be given in strictly 
mathematical form. It is sufficient to collate the 
numbers empirically by a suitable interpolation-formula, 
or — ^raore thoroughly and conveniently — by a curve, 
whose abacissie indicate the quantity-ratios {ejj. in 
percentages of the total amount), and ordinates the 
numerical values of the specified property. In tliis 
way we get in general a cun^e, but iu certain cases 
a straight line, connecting the ordinate-values of the 
pnre substances together. The last case is an ex- 
pression of the fact that in the process of mixing 
nothing has taken place to exercise any infiuence upon 
the individual properties of the two constituents ; or, 
to put it differently, the property of the mixture is 
merely the sum of the properties of its constituents, is* 
the properties are '" additive." 
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Further, since the non- purely additive properties 
yet show a greater or less approximation to these, it 
is often uonvenient to base the iBterpolation- curve 
not upon the property - values themselves, but upon 
their deviation from this additive relation ; the effect 
of this is to make the resultö appreciably more ac- 
curate. 

As already stated, an additive behaviour is rare in 
the case of mixtures of liquids, although universal with 
gases. The composition of a binary gaseous mixture 
can therefore be deduced from the measurement of 
any one definite property, for which the values in the 
pure constituents are known. Of all properties the 
specific gravity is the most serviceable from a practical 
point of view. 

The determinations of the quantity-ratios from the 
measurement of a given property are the more accurate 
the more exact the measurement is in itself, aud the 
greater the diiference between the values appertaining 
to each of the two constituents. The most favourable 
case ill this respect is the extreme limit, in which the 
value for the one constituent is zero, i,€, where only 
one of the constituents possesses the property in 
question. The measured proj^erty-value is then ahnost 
or altogether a measure of the relative amount of 
the substance possessing that property. Among such 
properties, which may be termed speciuly m coutra- 
distinction to the other ^emral properties, may be 
instanced the rotation of the plane of polarisation of 
light, the colour, and the electric conductivity, etc. ; 
all of these lend themselves in an especial manner to 
quantitative determiuations, and are largely applied 
for this purpose. 

As already mentioned, the general properties, which 



INDIRECT ANALYSIS 



in 



possess a unite value for all substances, do not allow 
of such an accurate quantitative deteiminatiou under 
otherwise similar conditions, because in them the 
measure of the amount is approsiumtely or exactly 
proportional only to the difference between the values 
far the mixture and that for the pure constituent. 
Notwithstanding this these properties are very largely 
made use of, on account of the ease and accuracy with 
which they can be measured. 

Of the general properties the most prominent is the 
specific gravity, which can be measured with extreme 
accuraey by the specific gravity bottle, and very quickly 
and easily by the artuometer. Since the case of the 
property being purely additive (cf p. 109) hardly ever 
occurs here (aqueous solutions in particular show large 
deviations), a series of measurements has to be carried 
through for each individual substance beforehand, so 
as to allow of the requisite interpolations being made. 
Temperature has a very appreciable influence on specific 
gravity, and must consequently be always allowed for ; 
it is therefore necessary to work at a perfectly definite 
temperature* 

Among other general properties the refraction- 
coefficient may be mentioned, since it can be as widely 
utilised as specific gravity itself Its measurement is, 
however, less easy to carry out as a rule, or else less 
exact. Other auxiliary aids are boiHug x^oint or 
vapour pressure, melting point, expansion coefficient, 
internal friction, electric conductivity^ etc. 



4. Itidirtci Aimlpeis 

In addition to the physical procedure for deter- 
mining the quantities of substances in binary mixtures. 
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a procedure depending upon the measurement of pro- 
perties, there is the chemical one by vvhichi after the 
weight of the mixture has been noted, the latter is 
transformed either into another mixture or into some 
homogeneous substance. From the change in weight 
thus brought about, the composition of the mixture may 
be deduced ia a way similar to that already explained, 
the relation between the change in weight and the 
composition being a simple linear one, since weight is 
a purely additive property. 

Suppose, for example, that we have a mixture of 
the chlorides of potassium and sodium, we can arrive 
at its composition by transforming the chlorides into 
sulphates. We calculate from the atomic weights 
that 1 grm, of sodium chloride will yield 1-2147 grm. 
of sulphate^ while 1 grm. of potassium chloride will 
only yield 1-1683 grm. of sulphate; a mixture of the 
two salts mnst therefore give a value lying between 
those two figures. If this value is 1'2015, then 
1-2147 -1-2015 ^^^^ „- . ,- 

' l"äi47- 1-1683 ^^^^^ grm. Will represent the pro- 
portion of chloride of potassium which is present. 

Kumerous schemes of indirect analysis can be drawn 
up on the same principle. But tlie process, although 
convenient, has the drawback of multiplying the error 
of experiment in a greater or less degree. In the 
above example, which is an unfavourable one, the 
whole diffei^uce in the final weight must be something 
less than 0*0464 grm. for every gramme of the original 
mixture taken, consequently any error of weighing 
becomes multiplied 22 times iu the result. When, 
therefore, we liave occasion to make use of indirect 
analysis, we must choose our process so that there 
shall be the largest possible weight -difference (or, 
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generally, property-difference) between the transforma- 
tion products of the two separate constituents. 

In place of direct weighing, the quantities of 
substances may be determined by physical or chemical 
methods ; but the principle of the procedure remains 
the same. 



5, Tertiary Mixtures^ de. 

Quantitative estimations in complex mixtures may 
be carried out without any preliminary separation, if 
the substance to be estimated possesses some spmal 
property, fram whose measurement its quantity can be 
deduced. But before applying any such procedure 
an investigation must first be made to see that the 
relation between the value of the specified property 
and the amount of the substance is not affected in 
any way by the presence of other bodies. It would, 
for instancej he utterly fallacious to try to arrive at 
the percentage of sodium chloride present in an 
aqueous-alcoholic solution from the electric conduc- 
tivity of the latter, if in our calculation we referred 
the conductivity found to a table constructed from 
results given by purely aqueous solutions. Por 
although alcohol is a non-conductor itself, it exerts 
an influence on the conductivity of solutions to which 
it is added, so that the relation between this property 
and the amount of substance present becomes quite 
altered. 

It is only when no such influence is exercised by 
any of the other substances present that this procedure 
can be followed with advantage. For although it may 
be possible to determine the influence of the foreign 
body and to tabulate it, tlie use of any such table 

I 
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(apart from the additional work required to construct 
it) necessitates a knowledge of the quantity of the 
foreign substance present, aud therefore very often a 
special analysis for this purpose. 

Cases in which the procedure is practically applicable 
are consequently not very common, and, since we almost 
never find the special property in question to be ahsolutely 
independent of outside substances, the methods are not 
very exact The determination of cane sugar from the 
optical rotatory power of its solution and the various 
colorimetric analyses may be taken as examples. Serious 
errors have been repeatedly brought to Light in the last- 
mentioned of those cases, which have arisen from taking 
for granted without sufficient proof that the foreign 
bodies present exercised no infiuence, when as a matter 
of fact their influence was a material one. 



6. Methods of Titration 

Chemical methods for the estimation of one con- 
stituent in a complex mixture are far more reliable 
and also far more numerous thau physical ones. They 
are based upon the principle of subjecting the substance 
in question to some chemical reaction by the addition 
of a suitable reagent, whereby either the complete con- 
version of the original substance or the slightest excess 
of added reagent can be at once recognised by some 
striking sign. It is as a rule much easier here to 
judge whether, through any other possible chemical 
reactions, the condition has been infringed — that no 
other substance present shall exert an iufluence on the 
determination ; hence such methods are capable of 
unusually wide application. The quantitative estima- 
tion depends in tliis ca^e upon tlie measurement of 
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the quantity of reagent which must be added, in order 
to completely transform the substance under examina- 
tion. This (Quantity is most conveniently arrived at 
by noting the volume of the reagent -solution used, the 
strength being also of course known. This is not, 
however, an essential characteristic of the method, for, 
when exceptionally accurate determinations are required, 
it is not unusual to replace the measurement of the 
volume of the reagent by weighing, which, in contrast 
to the volumetric measurement, is unaffected by varia- 
tions of temperature. 

Methods of titration may be divided into two groups^ 
viz. those in which the disappearance of the original 
substance furnishes the end-phenomenon, and those in 
which tlie excess of reagent performs this duty. The 
methods of the second group are iu their turn capable 
of further division, seeing that in some cases an excess 
of the reagent is at once directly apparent, while in 
others this excess is only rendered visible through the 
aid of an added medium — the iifyikator. 

As an example of the first group we may take 
iodo metric analysis. By the reaction 

the dark -coloured free iodine is transformed into sodium 
iodide, or, more correctly, into colourless iodine ions. 
One has tlierefore to go on adding thiosulphate solution 
of known strength until the yellowish-brown colour of 
the free iodiue has vanished. The end -point of this 
conversion is however far easier to see if, towards the 
close of the titration, any iodine still present is con- 
verted into blue iodide of starchj by the addition of a 
few drops of clear starch solntiou, 

The estimation of iron by permanganate of potasli 
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is a good example of the first section of group 2, So 
long aa any ferrous salt remains in the solution, the 
added permanganate is at once changed into colourless 
compounds (mauganous and potassium salts). But, 
when all the ferrous salt gets used up and this con- 
version consequently ceases, the pink permanganate 
colour remains permanent, thus showing the end*point 
of the analysis. 

Tiiis method Ls obviously only applicable when the 
reagent possesses some striking characteristic (in the 
above case the pink colour), which disappears through 
the reaction. Should this be wanting, an indicator 
must be used. 

The typical example of the indicator-method is the 
process of acidimetry or alkalimetry, by means of whieh 
the amount of base or acid — or, to be more precise^ 
the amount of hydroxyl or acid-hydrogen — is 
estimated in a solution* Since these substances give 
no indication of their presence by any direct sign, a 
dye hkc htmus is added, whose colour depends upon 
whether the solution contains an excess of acid or of 
alkali, ie. an excess of hydroxyl- or of hydrogen ions. 
Thus, litmus gives with alkali a blue salt, which 
is decomposed by the slightest excess of acid with 
the liberation of the free litmus acid, a compound of 
reddish colour. 

In place of a change in colour, the production or 
disappearance of a precipitate or any other striking 
phenomenon may be made use oi If the indicator 
cannot be actually employed m the solution which -is 
being examined, some drops of it are spotted over a 
suitable surface (a white porcelain plate in colour 
reactions) and, after each successive addition of reagent, 
a minute quantity of the solution is brought into con- 
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tact with one of these drops, until the reaction^ which 
13 charactenstic of an exeeas of the reagent, sets in. 

Since the time of Friedrich Mohr, the strength of 
volumetric reagents has been so regulated that an 
equivalent of the reagent in grammes is contained in a 
litre of the liquid, or hi some multiple of a litre. The 
number of cubic centimetres of reagent used thus 
gives the amount of the substance under examination 
corresponding to the reaction-formula iu railligi-amme- 
equivalents or some sub-multiple of this, and so the 
hihuur of subsequent calculation is reduced to a 
minimum. In cases, however, whei-e a very large 
nuinljer of analyses of the same kind have to be 
caiTJed out, more especially in technical working, the 
titrating solution is so made that 1 c.c. of it corre- 
sponds to 1, 10, or 100 m.grms., or any other round 
figure of the substance to be determined. 





PAßT II 
APPLICATIONS 




In order to give a living interest to the laws and 
principles which have been detailed in the first part 
of this book, and to illustrate the mode in which they 
are applied, I shall discuss in the second part the 
analytical properties of a nuimber of different substances 
separately. My object in doing this will not be to 
attempt to teach analytical chemistry to beginners, 
for I am well aware that an appreciable time must 
elapse before the new \dew9 enunciated here can find 
general acceptance, and can exercise an iiiliuence upon 
the instruction of those who are commencing the study 
of the science,^ Students who read this book will thus 
do so not so much with the object of actually learning 
analytical chemistry from it, as of pondering over the 
scientific piiuciples which underlie what they have 
already been taught by actual practice, so as to be 
able to apply this knowledge with gi^ater freedom and 
certainty. It would of course be superfluous to attempt 
the treatment of every known substance, but it will be 

^ Since tliü Erst German edition of this book was published (id lS9i)^ 
I have received a ü umber of letters with the gratifying armouncomBnt 
that the in troduction of these new views into the elementary course for 
students of chcmistrj baä proved highly suoeesafuL And I may be 
aUow«fI to aay that tbis bears out my own personal experience. 
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my endeavour to bring together here examples of all 
the cases which are typical and characteristic. 

The division of the subject will be according to 
the usual analytical groups. I should lilce here to 
lay stress upon the treatment of the subjet:t with 
respect to the ionic etate^ which the element sought 
for may assume, thia pcfint being eesentially new, 
audi in my opinion, capable of direct application in 
teaching- If we adhere constantly to the point of 
view that analytical reactions are with veiy few 
exceptions reactimis of iom,^ then a review of the facts 
of analytical chemistry becomes at once infinitely 
simpler^ and appeals in its practical bearing even to 
those who look upon the theory of electrolytic disso- 
ciation as a suspicions and blameworthy innovation. 

' ^eüachriß für ^hysikalMic 0ieniie, vol, iii, p. 59^ (1889), 




CoMJ:»OüNDB wliose aqueous solutiuiia cüiitaui fche 
hydrogen ion are tei-nied acids, and those which 
contain the hydroxyl ion bases. They are recognised 
qualitatively hy the colour reactions wliich they bring 
about in certain dyes, those reactiona being utilised 
as indicators in the quantitative estimation of the 
hydrogen ion or the acids, and in that of the hydroxyl 
ion or the bases. 

If a dye is to be of any use aB an indicator, it 
must be either acid or basic in its nature, and must 
have a different coloui' when non -dissociated from what 
it has in the ionic condition. Fürth er^ it must not be 
a strong acid or base, because it would then break up 
into its ions while in the free state, and would thus 
show no change of colour on nentnilia^tiou. For, 
when a strong acid is neutralised, only its free 
hydrogen ions form water with the hydroxyl of the 
base, the anion remaining unaltered. A weak acid on 
the other hand exists for the most part as undissociated 
molecule iu solution and not as ion, the ions being 
produced only after neutralisation, i.e. after the 
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conversion of the acid into neutral salt, seeing that 
the nentral salta of even weak acids undergo very 
complete Ionisation, 



2. The Theory of Indicators 

For the rest, the properties of an indicator depend 
mainly upon the extent to which it is dissociable. 
If it is a very weak acid (and precisely analogous 
considerations hold good for basic indicators), then 
acids of moderate or even small ionisation, if present 
in the slightest excess, will give up their hydrogen to 
it, thus producing the colour -phenomenon which 
accompanies the change from the ionic state to that 
of the non-ionised molecule. Such indicators will 
thus he sensitive, and capable of being used for the 
measurement of tolerably w^eak acids like acetic. 
They can only be employed with strong bases, how- 
ever, as with weak ones they form salts incompletely, 
the latter being decomposed by hydrolysis with the 
water present (c£ p. 66); with weak bases, therefore, 
they give the colour-phenomenon due to the forma- 
tion of ions very imperfectly, and the change is not a 
sharp one. 

Phenol -phthale'in is a good example of a very 
weakly acid indicator, which is colourless in the 
molecular state, but intensely red when dissociated 
into ions. The solution which is coloured red by 
alkali contains the salt of pheuol-phthaleiu in the 
ionic state, and becomes colourless after neutralisation 
and addition of the faintest excess of acid, from the 
formation of the colourless non- ionised molecule. 
Ammonia is, however, too weak a base in itself to 
yield a normal salt with phenol-phthalem iu very 
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dilute solution ; in other words, to give the free ions of 
the salt. In fact a distinct excess of ammonia ie 
required to overcome the hjdrolytie action of the 
water, hence the change of colour in presence of salts of 
ammonium is anything hut sharp, and only apparent 
when a considerable excess of hase is present For 
acidimetry, especially for the titration of weak acids, 
when one can choose any base for neutralisation that 
one likes, and therefore fixes on a strong one (baryta 
water is best), phenol-phthalein is an admirable indi- 
cator ; but it is unsuited to alkalimetry, since its use 
must he restricted to the very strong bases. 

Of the other well-known indicators methyl-orange 
stands in the opposite category. It ift an acid of 
medium strength, its ions being yellow while the non- 
dissociated molecule is red The pure aqueous solu- 
tion of the acid ionises of itself in a marked 
degree and therefore shows a mixed colour ; but the 
addition of a trace of a stronger acid lessens this 
ionisation, in virtue of the mass - action of the 
hydrogen ions (p. 65), and then the colour of the 
unclecomposed molecule prerlomi nates. 

When, however, methyl-orange is added to a basic 
liquid, the salt is formed and we get the yellow colour 
of the ions. If we now neutralise with a strong acid, 
the reaction mentioned in the preceding paragraph as 
due to the presence of excess of hydrogen ions takes 
place, and the colour is reversed. But should the 
acid be weak, i.e. only slightly ionisable (the ionisa- 
tion being still further reduced by the presence of the 
neutral salt formed in the liquid), the quantity of 
hydrogen ions on passing the point of neutralisation is 
too small to allow of the formation of a visible amount 
of non-ionised molecules of methyl-orange, and the red 
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colour only appears after a very considerable exceas 
has been added, and then only by degrees ; in other 
words, the reaction is not a sharp one. Methyl-orange 
i^ therefore not suited to the titration of every acid 

But when it is a question of the titration of bases, 
even of weak bases, methyl-orange is the proper 
indicator to use, for its strongly acid nature permits of 
its forming Baits witli very w*eak bases, and those 
salts are not hydrolysed to any extent by water ; it 
thus gives shai^p end-reactions in cases where indicators 
of slightly acid nature are useless,^ 

The other acid indicators lie between the^e two 
extremes, and the conditions under which they are 
applicable can therefore be judged of from what has 
just been said. 

Considerations of precisely the same kind apply to 
basic indicators. For the titration of weak acids a 
moderately ionised indicator is alone of use, while 
weak bases require m we^ikly basic indicators as 
possible. 

But neither here nor in the case of acid indicators 
must we go to the extreme of ionisation. For an 
indicator whicli is as much ionised as the strongest 
acids (hydroehloriCj nitric, etc.) will show 71Q alferations 
of colowr at all in acid and alkaline solutions. In an 
acid solution it is already ionised to its full extent, 
practically speaking ; its anions are therefore present in 
the free state, and do not first become free when the 
salt is formed. Further, since the anions undergo no 
change through the neutralisation of the liquid, there 



' 111 tlie ZeitxJinßfÜr anorganische Ohmaie, vol xiii. p. 127 (18&ii), 
Küster gives reaf»oiia for fttHvmg at a somewhat tUffprent cotK^Iu^ion 
uhh respet-t to tlifi cnil-reattion of metljyl-onii)gt\ The render m here 
refeireti to thü original jiapcr. 
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can be no alteration in colour. Examples in point are to 
be found in (the strong) picric and permanganic acids, 
which show the same colour in acid as in alkaline 
solution. 

3- J7te Fresence of Carbonic Acid 

Certain difficulties arise in acidimetry from the 
circumstance that basic solutions absorb carbon dioxide 
from the air, whereby their titre becomes altered, This 
source of error must be rigorously excluded in the 
determination of weak aoid^. In such caeea, there- 
fore, the alkaline solution must be carefully guarded 
from atmospheric carbonic acid (e..^, by interposing 
tubes filled with m)da4ime), and baryta water is the 
best alkaline liquid to use, seeing that it cannot retain 
carbon dioxide in solution, besides acting much less 
on glass tlian solutions of potash and soda do. 

On the other hand, when strong acids have to be 
estiraatedj the action of carbonic — itself a very weak 
acid — can be set aside by using for indicator an acid 
of medium strength. Methyl -orange is the best here, 
acting satisfactorily, not merely in the titration of 
alkali which contains carbonate, but in that of a 
carbonate itself; and, further, the end -reaction is 
sharper, the more concentrated is the solution. The 
correctness of this statement can be verified by a 
careful study of the conditions of eqidlibrium in point, 
but it will be sufficient merely to refer now to the 
fact that, with increasing dilution, aU acids approxi- 
mate to one another in their degree of ionisation; 
hence the differences in ionisation, upon which the 
process is based, become gradually eliminated as the 
solutions become more dilute. 

Hydrosnlphuric acid acts similarly to carboniCj 
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only its ionization -constant is somewhat greater and 
its acid properties are therefore rather more marked. 



4. Fdyhasic Acids 

Wliile monohasic acids allow of a sharp titration, 
even when they are relatively weak, some polybasic 
aeids of markedly add eliaracter show the change of 
colour very gradually, — an indication of the hydrolysis 
of their neutral salts. 

The cause of this striking phenomenon, for which 
sulphurous and ortho-phosphoric acids may be taken 
as examples, is the gradiml iom$ation already referred 
to on p. 61, according to which the different hydrogen 
atoms of polybasic acids pass by very different degrees 
into the ionised condition — ^the second less completely 
than the first, and the third less completely than the 
second, and so on. So far, however, as the change in 
colour of the indicator is concerned, it is only the 
last — i,e, the weakest — hydrogen atom that has to be 
taken into account, since the first (and second, etc) 
have been already accounted for by the first portions 
of added base. If the ionisation -constant for this 
hydrogen atom is very small, hydrolysis of the corre- 
sponding salb in the aqueous solution ensues (ef, p. 66), 
and the result is an indistinct colour -reaction as ex- 
plained on p. 124. 

The different behaviour of polybasic acids with 
different indicators depends upon the same thing. 
Phosphoric acid comports itself with methyl-orange as 
a monobasic acid, Le. only its first hydrogen atom is 
sufficiently ionised to give up to the yellow ions 
the hydrogen necessary for the formation of the 
red non-ionised molecule. With pheuol-phthalein. 
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which ia a very much weaker acid, phosphoric acid 
behaves on the other hand as if it were dibasic, since 
this indicator requires a much smaller concentration 
of the hydrogen ions for its conversion into the colour- 
less non-ionised compound The third hydrogen atom 
of phosphoric acid, lastly, is one of so weak an acid 
that the corresponding alkaline salt becomes hydrolysed 
to a very considerable extent in aqueous solution, so 
that a titration is impossible. 

The fact that carbonic acid can be titrated as a 
monobasic acid with phenol-phtlialein for indicator, is 
explicable in the same way. 

Since we are dependent upon comparatively smaU 
differences of Ionisation in all these prooesaes, the 
colour changes are less sharp than in the case of 
strong monobasic acids, and the conditions of the 
reaction are somewhat disarranged by dilution. If 
estimations of the kind must be made (and this is 
not to be recommended as a rule), the solution to be 
titrated should be kept as concentrated as possible. 
It is also advisable to have by one, in a similar vessel, 
a sample of liquid to which the indicator has been 
added» and in which the titration has been finished ; 
the actual titration is then carried on until the shade of 
colour in the two solutions is as nearly as possible alike. 

Attempts have been made to refer the phenomena 
which have just been described to the unsymmetrical 
constitution of the acids in question. But they occur 
with many acids about whose symmetrical constitution 
there is no doubt, and at the aame time are wanting 
in the case of others which are as certainly im sym- 
metric. The causes which determine a greater or 
lesser ditference in the consecutive coefficients are 
partly known, but they cannot be entered into here. 

K 



CHAP TEE VII 

THE METALS OF THE ALKALIES 

1. Generai Properties 

The metala potassium, rubidium, caesium, sodium and 
lithium, are invariably preaent in solutions as mono- 
valent positive iona, and never aa complex ones. They 
therefore always show the reactions of those iona, and 
never any so - called anomalous reactions. The 
hydroxides arc readily soluble in water and are 
very completely ionised, so that they constitute the 
strongest basea known. With the ordinary precipitat- 
ing reagents they yield only soluble salts, remaining 
in solution after any other metals preaent have been 
thrown down ; hence advantage is taken of thia to 
separate them from the latter. 



2. Pota^ium^ Euhidium and Ocesium 

The alkali metala form sparingly soluble salts with 
hydi'o-ailicoiiuoric and hydro -platinichloric acids. The 
first of these precipitates potassium, rabidiura and 
Ccesium ions aa veell as those of sodium, and cannot 
therefore be used for separations. Hydro-platinichloric 
acid gives difficultly soluble salta of the formula M^FtCl^j 



CHAP. VTi POTASSIUM, RUBIDIUM AND CiESIUM 



ISl 



with potassium, rubidium and csesium, and easily soluble 
ones with sodium and lithium* When potassium and 
sodium have to be separated from one another, the 
chlorides are evaporated with excess of hydro-platini- 
chloric acid to a syrup, and the residue allowed to 
stand covered with excess of alcohol, which dissolves 
the sodium platinichloride readily* As both sodium 
chloride and anhydrous sodium platinichloride are but 
sUghtly soluble in alcohol, we must always have an 
excess of hydro-platinichloric acid present, and must 
also take care that the residue from evaporation on 
the water-bath is never made completely dry. The 
platinichloride of potassium, dried at 110°, still con- 
tains traces of water, so that its apparent weight is a 
little greater than the reality. 

No analytical method is known for the separation 
of potassium, rubidium and eaäsinm ; use is made of 
the different solubilities of their platinichlorides or 
acid tartrates to effect a ** iraetionation " or approxi- 
mate separation. Vov an actual determination only 
an indirect process can be followed, e.g. the metals 
are first weighed as chlorides and then as platini- 
chlorides ; it is of course an essential condition here 
that only two of the elements shall be present. 

Potassium may also be precipitated as acid tar- 
trate by the addition of tartaric acid* Since the free 
acid is thereby produced from the potassium salt, 
and exerts — -if it be eoncentrated- — ^ solvent action 
upon the precipitate (cf, p, 81), Le. hinders the for- 
mation of the latter, it must either be rendered in- 
nocuous by the addition of sodium acetate (p. 65), or 
a solution of sodium-hydrogen tartrate must be used 
for precipitating instead of tartaric acid itself; by this 
means the production of free acid is avoided. The 
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second of these two methods is to be preferred, inas- 
much as it permits of more tartaric acid ions being 
brought into Bolution than is possible when the 
(slightly ionised) free tartaric acid ia employed, and 
thus diminishes more effectively the solubiUty of the 
resulting hydrogen-potassium tartrate. 

This salt, potassium^hydrogen tartrate, shows the 
phenomena of super-saturation in a very marked degree; 
hence the reaction just detailed must be carried out 
in as concentrated a solution as possible, and the pre- 
cipitate must be allowed to remain in the liquid for a 
sufficiently long timej with frequent shaking. 

The flame-reaction serves as a qualitative test for 
potassiuuL The potassium flame contains violet and 
red rays, and appears reddish when looked at through 
cobalt- blue glass, since it is the red rays that are 
chiefly transmitted. The yellow sodium light, which 
hides that of potassium from the naked eye even 
when but minute quantities of sodium are present, 
is completely stopped by cobalt glass, so that the 
yellow flame proceeding from a mixture of potassium 
and sodium compounds appears red when viewed 
through the latter, while a pure sodium flame is in- 
visible. 

With such a mised flame the spectroscope shows 
tlie red lines of potassium, and also the violet lines 
faintly, together with the double yellow sodium line, 



3, Sodium 

Sodium is determined quantitatively in a mixture 
by first weighing the chlorides of sodiimi and potass- 
ium together, then estimating the potassium as platiui- 
chloride, and deducting the chloride of potassium thus 
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formed from the original total amount ; the difference 
gives the chloride of sodium. 

The qualitative test for sodium is the yellow 
flame coloration. Since, h o we ver, compounds of sodium 
are distributed everywhere in nature, and this flame 
reaction is excessively delicate, one haa to note here 
the length of time that the yellow shows. Traces 
of sodium, arising, ejj., from the pra^ence of dust or 
from the fingers touching the platinum wire, give but 
a transitory coloration, while measurable amounts of 
sodium compounds show the phenomenon for several 
minutea 

4. Lithium 

Lithium gives an intensely red flame, which shows 
a red and an orange yellow line when analysed by the 
spectroscope* The lithium light is of smaller wave- 
length than that of potassium, and is absorbed by 
cobalt glass. 

The reactions of lithium are more like those of 
the alkaline earth metals than of the metals of the 
alkalies. It forms a sparingly soluble carbonate and 
phosphate, its chloride — unlike those of the alkalies^ — 
is soluble in an anhydrous mixture of alcohol and 
ether, and it becomes alkaline when heated strongly 
in moist air, like the chlorides of calciimi and mag- 
nesium. It does not give a preeipitate either with 
hydro-platinichloric or with tartaric acid 

Lithium is estimated quantitatively as phosphate, 
LigPO^, by precipitating the solution with tri-sodium 
phosphate (i.e. with a mixture of common sodium 
phosphate, Na^HPO^, and caustic soda). 
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5. AmTnonia 

The salts formed by the combination of ammonia 
with the aeida contain the ion NHl, which behaves 
in many respcetB like the potassium ion. Like the 
latter it forms a sparingly soluble platinichloride and 
acid tartrate, and many of its salts are isomorphous 
with the corresponding Baits of potassium. 

Ammonia dissolves in water to ammonium hydrox- 
ide, NH.OH, which becomes ionised to some extent. 

Its ionisation- constant in the formula 7^ — -, ^K, 

{I — ^)v ' 

when V is expressed in litres is: — K = 0000023; 
in its decinormal solution the ionisation amounts to 
1'5 per cent. Ammonia therefore belongs to the 
weaker bases. 

When its aqueous solution is warmed, the am- 
monium hydroxide changes into its anhydride ammonia^ 
which partly escapes. All the ammonia can be driven 
out of a water solution by boiling ; each escaping buhhle 
of vapour creates a vacuum for tlie ammonia, in which 
the partial pressure of the latter is at first zerOj so 
that the gas quickly diftuses out of the liquid and 
becomes expelled. Upon this the estimation of am- 
monia in its salts depends. These are distilled with a 
stronger base, and the escaping ammonia is condensed 
in some acid. For a quantitative determination a 
measured volume of acid of known strength is used, 
the excess of acid remaining after the operation being 
titrated with baryta water, with methyl -orange as 
indicator. 

Ammonia possesses in a remarkable degree the 
power of forming complex ions of the general formula 
M + nNHg with the elementSj more especially with 
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metals, these iona having often the same valency as the 
metallic ions themselvea The most stable componnda 
of this type do not ahow either the reactioriB of the 
metal or those of ammonia. The complexes of this 
kind are, however, of every degree of stability. The 
more readily decomposable among them are tlie most 
stable when in the form of salts ; the free bases break 
up more easily into metallic hydroxide and ammonia. 
Most of them give off ammonia more or less qnickly 
when heated alone, while they are all completely de- 
composed upon heating with caustic alkali or soda-lime, 
the nitrogen present escaping as ammonia. 

A characteristic compound, dimercur* ammonium 
iodide, NHg^I + H^O^ is formed as a yellowish-brown 
precipitate when even excessively attenuated sokitiona 
of ammonium compounds are mixed with an alkaline 
solution of potassium mercur- iodide, K,,HgI^ (Nessler's 
rCfigent). The mercury salt must be present in excess, 
or else more soluble merenr-ammonium compounds 
(poorer in mercury) are produced, and the liquid must 
also be rather strongly alkaline. Since we have to do 
here with the formation of a compound substance 
and not with a simple iou-reaotion, the mixed liquids 
require to stand for some time before the process 
completes itself. 
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1. General Froperties 

The five nietala calcium, strontium, barium, mag- 
nesium and beryllium form divalent positive ions; they 
can only exist in this state (in solution), stable com- 
plex ions containing them being unknown. Calciumj 
strontium and barium also yield more or less soluble 
strong bases with water, which are ionised almost as 
much as the alkaline hydroxides. Little, however, can 
be said with respect to the ionisation of the other two 
hydroxides, since they are so slightly soluble iu water ; 
but the behaviour of the salta enables us to conclude 
that magnesia is a moderately strong base and beryl Ha 
a weak one, the salt.'? of the latter showing an 
acid reactiouj and therefore undergoing hydrolytic 
decomposition by the solvent water. Speaking 
generally, beryUium^ — the metal of smallest atomic 
weight — acts as a connecting link with the tri- 
valent metals of the next group, just as lithium — 
the alkali metal of smallest atomic weight — shows 
certain points of resemblance to the above divalent 
metals. 

All the metals of this group give sparingly 
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^^ soluble earbouatea and phosphates ; and the thr^ first 
^^ yield sulphates whose insolubility increases in the order 
^H given. Of the sulphides of calcium, strontium and 
^m barium, that of barium is the most soluble and that of 
^M calcium the least, but they are all decomposed hydro- 
^M lytically, since the monovalent ions SH' and OH^ 
^K together with the metalHc cation, are present in the 
1^^ fiOlution, instead of t!ie divalent sulphur ion, S'^ ; if 
the amouut of water in the solution is earefuUy regu- 
lated, the hydroxides can be made to crystallise out, 
^^ The sulphides of magnesium and beryllium undergo 
^B this hydrolysis to such an extent that sulphuretted 
^^ hydrogen escapes, and the sparingly soluble hydrox- 
t^ ides are precipitated. 

r 



2* Calcium 



Calcium saltä are precipitated by carbonateB, phos- 
phates and oxalates. Carbonate of calcium comes 
down amorphous at first, and in that state is percep- 
tibly soluble in water ; but on standing, and more 
quickly upon warming, the precipitate becomes crys- 
talline (assuming the rhombohedral forms of calc spar), 
and at the same time much moi^ insoluble. This 
crystalline precipitate dissolvea readily even in weak 
acids, and also when boiled with solutions of am- 
monium salts — e,g. the chloride — carbonate of am- 
monium escaping. Amorphous carbonate of calcium 
being more soluble, it is taken up even by a cold 
solution of sal ammoniac ; hence it follows that calcium 
salts are not precipitated by carbonates when a suffi- 
ciency of ammonium salt is present. 

Calcium oxalate is a very sparingly soluble com- 
pound. Free ojcalic acid only precipitates the calcium 
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salts of strong acids imperfectly, as the oxalate is 
soluble in free hydrochloric or nitric aeid. Oxalate 
of ammonium, on the other hand, effects a complete 
precipitation, even in the presence of free acetic acid ; 
the latter indeed has a certain solvent action upon 
pure calcium oxalate, but in presence of acetate and 
excess of oxalate this soluhiMty diminishes almost to 
the vanishing point, the former lessening the solvent 
effect of the acid, and the latter the solubility of the 
calcium oxalate. 

In a quantitative estimation the precipitated ox- 
alate of calcium is either gently ignited and weighed 
as carbonate, or strongly ignited and weighed as oxide, 
the second procedure being the better. Precipitation 
as oxalate also serves as the qualitative teat for calcium 
salts, after those of barium and strontium have been 
abeady removed. 

Ammonia does not give a precipitate with the salts 
of calci um^ being too weak a base ; but potash and soda, 
especially if somewhat concentrated, throw down the 
sparingly soluble calcium hydroxide. Pure water dis- 
solves this hydroxide to the extent of about 1 part in 
500, but if an alkali is present the solubility rapidly 
diminishes, on account of the increase of the one ion 
hydroxyl, so that in a 10 per cent alkah solution lime 
ia practically insoluble. This cirenmstance is import- 
ant for the manufacture of caustic alkali by boiling 
alkaline carbonate with lime. 

To the Bimsen flame calcium salts give a brick-red 
coloration, especially after moistening with hydro- 
chloric acid ; the spectrum is rather a complex 
one, 
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StrontiuDi is precipitated ^s Bulphate ; it ia neces- 
sary to add alcohol here when a more perfect pre- 
cipitation is wanted, and an excem of the solnhle 
sulphate employed is also advantageous. Sulpliiiric 
acid being less dissociated than hydrochloric or nitric, 
the two latter exert a distinct solvent action upon the 
sparingly soluble sulphates, since they induce the 
formation of non-ionised sulphuric acid (cf. p. 65). 
This phenomenon is, of course, most apparent in the 
case of calcium sidphate, which is more soluble than 
either of the other two alkaline earth sulphates, — 
gypsum in. fact dissolves readily enough in hydro- 
chloric acid. But the same thing applies in a lesser 
degree to strontium sulphate also, and it is therefore 
wise to avoid using any excess of strong acid in pre- 
cipitating this salt, i.e. to keep the solution either 
neutral or acidified only by acetic acid. 

Strontium sulphate can be readily and completely 
converted into carbonate by digestion with soluble 
carbonates. The laws which regulate such transfor- 
mations can be easily deduced from the general law 
of equilibrium. Such conversions are always recip- 
rocal, for, just as the above sulphate is changed into 
carbonate by a soluble carbonate, so can the carbonate 
be transformed into a sulphate by a soluble sulphate. 
There must, therefore, be some definite ratio between 
the ions SO^^' and COg^' when neither of the two trana- 
formations can take place ; and this ratio is neeesearily 
that at whicli the two sparingly soluble salts both 
dissolve at one and the same time in water. For it 
is obvious that under such circumstances no mutual 
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interaction can set ia, and the concentrationa of the 
and CO^ must stand in the ratio of the 



ions 



so; 

4 



solubility-products, seeing that the amount of the 
Sr' ions, which is a factor in both products, is the same 
for each. The latter also applies for the ease of 
soluble carbonates and sulphates being present to- 
gether, consequently the ions SO/' and CO^" must 
stand in the same ratio here also. 

It follows, from what has just been said, that a 
solution containing excess of carbonate can have no 
action upon the solid carbonate; neither can one con- 
taining an excess of snlphate act upon a solid sulphate. 
If in this latter case solid carbonate should be pre- 
sent at the same time, it will continue to undergo 
transformation until the critical ratio of the two ions 
has established itself in the solution. Neither the 
absolute quantities of the solids nor the proportion 
existing between them has anything to do with the 
matter. 

In the case of strontium the solubilities which we 
have to take into account are very different, the 
sulphate being considerably more soluble than the 
carbonate ; the transformation of the former thus goes 
on much more quickly than that of the latter, and 
the sulphate must preponderate distinctly in the solu- 
tion if there is to be equilibrium. With barium the 
solubilities are about the same, and therefore also the 
ratio of the two soluble salts in the state of equi- 
librium. 

From dilute solutions strontium sulphate is not 
thrown down at the moment^ a point of which use 
can be made to distinguish strontium from barium, 
a very dilute solution of a sulphate being of course 
employed as a precipitant ; a saturated solution of 
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gypsum is a convenient strength. We should he wrong 
in assuming, however, that it is the actual formation 
of sulphate which goes on eo comparatively slowly ; on 
the contrary, the latter is formed at once, as is shown 
by the measurement of the electric conductivity on 
mixing dilute solutions of atrontiiun hydroxide and 
sulphuric acid together. The cause of the tardy pre- 
cipitation is an ordinary super-saturation ptienomenon. 
In the Bumen flame strontium gives a crimson 
coloration, the spectrum being like that of calcium 
somewhat complex ; a blue line in the latter is specially 
characteristic. The chloride is the best strontium com- 
pound to use for the purpose, the spectrum indeed only 
showing in some cases after the test-substance has been 
moistened with hydrochloric acid, 

4. Barium 

Of all the sulphates of the alkaline earth metals, 
that of hariuni is the most insoluble. It therefore 
serves generally for the recognition and aeparation 
of the ion ^0^'^ in whose presence barium salts give 
rise to a fine powdery white precipitate. This pre- 
cipitate is scarcely more soluble in dilute solutions 
of acids— even of strong ones — than in pure water 
alone. Since barium forms no complex ion, there is 
no aqueous solvent for the sulphate^ wliich may 
therefore be considered the most insoluble of all 
precipitates. 

In order to separate barium from strontium (whose 
i-ecognition it hinders), it is either precipitated by 
hydro-silicofluoric acid, which does not throw down 
strontium, or by a neutral soluble Chromate, Hydro- 
silicofluoric being a tolerably strong acid, its barium 
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salt is but little more soluble in dilute acids than in 
water; for the opposite reason (or, more correctly, 
because of the readiness with which the Chromate ion, 
CrO/', passes into the dichromate ion, Cr^O/^) 
barium Chromate dissolves in strong acids, hence its 
precipitation must take place either in a neutral or an 
acetic acid solution. 

The two elements may also be separated by 
applying the laws for the equilibrium of soluble and 
insoluble salts which have just been explained. A 
solution which contains approximately equal equi- 
valents of soluble carbonate and sulphate has no effect 1 
upon sulphate of barium, while it readily transforms 
sulphate of strontium into the carbonate. If then 
both metals have been precipitated as sulphate, the 
i:)recipitate can l>e converted into a mixture of barium 
sulphate and strontium carbonate by digestion witli 
the solution named^ and then the strontium carbonate 
dissolved out by hydrochloric acid. 

Barium salts impart a grecnisli colour to the Bumeih 
flame, and the spectrum is fouud to consist of a large 
number of bands (not lines). 



5, 3fag7hesiuvi 

Magnesium hydroxide is a distinctly weaker base 
than the other hytlr oxides of this group ; it is incapable 
of forming the normal carbonate with carbon dioxide 
in presence of ^vater, the hydrolytic action of the latter 
giving rise to a mixtui'e of carbonate and hydroxide* 
On precipitating in the cold, soluble bicarbonate re- 
mains in solution in large quantity, aud only separates 
out upon warming. 

The hydroxide of magnesium is indeed soluble 
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enough to turn red litmus paper blue, but becomea 
m sparingly soluble in the presence of excess of alkali 
(because of the increased conceEtration of the hydroxyl 
ions), that this can be made use of for its quantitative 
separation. 

If to a solution of magnesium salt an exceas of 
ammonia is added, the hydroxide only separates par- 
tially, while no precipitate ia formed at ail if an excess 
of ammoniacal salt has been previously added On 
the other hand, the addition of a sufficient excess of 
potash or soda to this last solution results in a re* 
precipitation of hydroxida 

The explanation of the above phenomenon is similar 
to that of the action of carbonic acid upon salts of 
lead (p. 79) and of sulphiu^etted hydrogen upon salts 
of zinc (p, 151). Ammonia is only a slightly dis- 
sociated base, but still the concentration of the hydi'oxyl 
ions is sufficiently great, along with that of the 
magnesium ions in a solution of a magnesium salt, 
to exceed the solubility product of the hydroxide ; 
consequently magnesium hydroxide is thrown down. 
Further, the reaction gives rise to a quantity of 
ammonium ions corresponding to the excess of anions 
of the magnesium salt which are now presentj and 
these ammonium ions affect the dissociation of the 
added ammonia, causing the concentration of the 
hydroxyl ions to decrease more and moi'e. A state of 
matters is therefore soon reached when t!ie diminished 
hydroxyl ions no longer sufl&ce to give the solubility- 
product of the hydroxide with the magnesium ions 
present, and hence no precipitation oeciira 

Should an excess of anmionium salt be added 
beforehand, i.e. a sufficient quantity of ammonium 
ions, the concentration of the hydroxyl in the added 
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ammonia immediately falls below the critical value, 
and the soluhility^product of the hydroxide is again 
not reached 

If, on the other hand, potash or soda is added to 
the solution, the concentration of the hydroxyl ions can 
be BO augmented that the solubility- product is attained. 
The amount of alkali required is dependent upon that 
of the ammonium salt already present. For, the first 
additions of hydroxyl are used up in forming non- 
diasociated ammonium hydroxide (or ammonia and 
water) with the ammonium ions in the solution, and 
it is only after this reaction is nearly complete that an 
increase in the concentration of the hydroxyl ions, 
sufficient for the precipitation of magnesia, can be 
brought about/ 

Magnesium is best estimated by precipitating the 
ammoniacal solution with the phosphate of an alkali 
metal^ when ammonium - magnesium phosphate is 
thrown down. This precipitate being decidedly soluble 
in water, dilute ammonia has to be used in washing 
it; for, since ammonia is a dissociation-product of 
the precipitate, the latter is less soluble in its presence 
than in pure water alone. 

Salts of magnesiiun give no coloration to the 
BuThsen flame. 



6. Appendix 

Aluminium, — The trivalent ion of aluminium has 
only a weakly basic character. All its salts show an 
acid reaction, and those with weak acids break up^ — 

^ In the firat edition of tbia book, the above conditions were 
errotieoualy ascribed to the existence of complex magnesium-atmnoiiia 
ions. The correct citplanation bow given la due to J* M. Lovdn, 
Züt$chriß für aniCnrgariUchs Chemie, vol. ii. p. 404 (1896)» 




ALUMINIUM 



145 



whea their solutions are boiled^into basic salts which 
separate out^ and free acid which remains in solution. 
The hydroxide has no action upon litmus paper. ' 

Aluminium hydroxide behaves with respect to the 
soluble bases in exactly the opposite* way tbat hydroxide 
of magnesium does, for it is iasoluble in ammoaia but 
soluble in potash and soda. T!ie solubility in these 
arises from its being able to act as an acid, the ions of 
which are 3H' and AlO^'^' ; in the formation of the 
latter the AV" ions are used up, and consequently 
the hydroxide must pass into solution. 

There is a point in which alnniinimn differs from 
the raetals which have been already considered, but 
which we shall find repeated in most of those that 
have still to he spoken of, viz, the precipitation of the 
hydroxide is prevented by the presence of non-volatile 
organic acids. The c^use of this in every one of these 
casea is the formation of complex compounds through 
the entrance of the metal into the hydrox}^ of the acid. 
For, the non-volatile organic acids which show this 
action all contain hydroxyl ; and that the hydroxyl 
is really at the root of the phenomenon is proved by 
the fact that this precipitation is also hindered by 
non-acid substances^ if these latter contain several 
hydroxyl groups, e.g. sugar, glycerine, etc. 



CHAPTER IX 



THE METALS OF THE IRON ÜROUP 



1. General Properties 

The metalB of the iron group form compounds with 
sulplmr which are decomposed by dilute acida hut not 
by water. They are therefore brought down by sul- 
phide of ammoüium, but uot by sulphuretted hydrogen 
in an acid solution. 

The laws which regulate the solubility of the 
metallic sulphides in dilute acids are the same as 
those which hold generally for the solubility of the 
salts of weak acids (p. 81), only here the conditions 
are simplified in that — sulphuretted hydrogen being a 
gas — tliG concentration of its solution cannot exceed a 
certain limit which is dependent upon the absorption- 
coefficient, at least so long as it is xiaed at atmosi^heric 
pressure. If it is employed under higher pressure, zinc 
(for example) can be precipitated by it even from an acid 
solution ; on the other hand, when the conditions are 
such that the sulphuretted hydrogen exerts only a 
certain very small pressure, the sulpliides of lead and 
antimony (e.f/.) become soluble in acids. The natural 
regulation of the concentration arising from sulphmetted 
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hydrogen being a gas is one great reason of its value 
in analyticml cliemistty. 

The solubility in acids of those sulphides of the 
metab which are insoluble in water depends upon the 
count er-iouising influence which these acids exert upon 
the sulphuretted hydrogen, and is therefore proportional 
to their strength or degree of ionisation. It thus 
increaaes with increasing concentration of the aeids. 
Both of these statements can be conjoined in the one 
— that the solvent action is proportional to the con- 
centration of the hydrogen ions in the solution. As 
the hydrogen ions become augmented the sulphur ions 
diniiniah, and solid sulphide must pass into solution in 
order that equiübrium may he re-established* 

For the rest, the metals of this group form for the 
raoafc part divalent ions of the niagnesiuni type, but 
some of them also trivalent ions of the type of 
aluminium. The tendency to form complex ions is 
rather pronounced, and the result of this is a number 
of anomalous reactiona Cyanogen and ammonia in 
particular take part in the formation of such com- 
pounds. The precipitation of the hydroxide is pre- 
vented in every case by the presence of non-volatile 
organic acids. But these do not prevent the precipita- 
tion by ammonium sulphide, tliis being explained by 
the solubility of the sulphides being much smaller than 
that of the hydroxides, Le. by the concentration of the 
metallic ions. 

% Iron 

Iron forms an unusually large number of different 
ions. Apart from the fact that it can exist alone either 
as a divalent or trivalent positive ion, it shows a pre- 
dilection for building up complex ions of various kinds, 
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some of which are remarkably stable. Every iron 
compoimd Qmi, however, be converted into ferrous or 
ferric sulphate, by heating with sulphuric acid; and 
theae can be readily recognised by their characteristic 
reactions. 

The ferrous ions follow those of magnesium in 
most of their reactions. They give an amorphous 
hydroxide, which passes very readily into the hy- 
droxide of the trivalent iron, the colour being thereby 
changed from white through greenish - black to 
yellow -brown. They also form a sparingly soluble 
ferrous^ammonium phosphate, which is produced under 
similar conditions to the magnesium compound. Iron 
differs mainly from magnesium in being precipitable 
by sulphide of anmioniiun, which gives a greenish-black 
precipitate of hydrated ferrous sulphide, soluble in 
even very dilute acids. This therefore never comes 
down in acid solutions ; even the " neutral " salts of 
iron possess as a rule a sufficiently acid reaction to 
prevent the production of the precipitate. In very 
dilute solutions the precipitate is obtained in colloidal 
form, into which the ordinary sidphide also soon passes 
upon washing ; on account of this, and of the readiness 
with which it undergoes oxidation, it cannot be made 
use of for the ultimate quantitative separation of iron. 
For the latter purpose the iron is always first converted 
into the ferric state, and precipitated as the reddish- 
brown ferric hydroxide ; the precipitation must be 
done in a warm solution, otherwise basic salts are 
formed, and it is incomplete. Potash and soda cannot 
be taken for this, for ferric hydroxide adsorbs these 
abundantly, and it is impossible to get rid of them 
entirely by washing. If, therefore, for any reason 
potash or soda has to he used in the first instance 
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for precipitation, the precipitate must — -after filtration 
or decantation— be redissolved in hydrochloric acid 
and thrown down again by ammonia There being 
now only a very minute quantity of solid alkali 
present, the adsorption may be disregarded. 

The ferric ion resembles that of aluminium in its 
reactions. Like the latter it is a very weak base, 
unable to form a carbomite in aqueous solution. The 
salts, even those of strong acids, are more or less 
hydrolysed in aqueous solution into free acid and 
coUoidally dissolved ferric oxide; and this decom- 
position increaaes rapidly with rise of temperature 
until — when the acid is a weak one — the iron is 
completely separated in the form of hydroxide or 
basic salt. Should the acid be strong, the same 
result can readily be attained by adding sodium 
acetate to the solution. In tliis case it is especially 
important to filter hot, since a large part of the oxide 
would otherwise pass into solution upon cooling. The 
method is followed when for any reason it is inadmis- 
sible to make the solution alkaline. 

Sulphuretted hydrogen reduces the ferric ion to 
the ferrous with separation of sulphur, which renders 
the liquid milky ; sulphide of ammonium gives a pre- 
cipitate of greenish -black hydrate d ferrous sulphide, 
or— in very dilute öolution — a black-green coloration. 

Of the complex ions containing iron as a constituent, 
the compounds with cyanogen — ferrocyanogen and 
ferricyanogen — are of special importance. They are 
among the most stable of all complex ions. The 
amount of iron ion present in their solutions is lees 
than in the aqueous solution of even the least soluble 
iron salt, so that all the compounds of iron dissolve in 
cyanide of potassium. It is true that this solution 
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does not take place mstantaueouslj (as we invariably 
find when dealing with a reaction which is not a 
purely ionic one), but still it goes on quickly enough 
to be applied in analysis. The solution in potassium 
cyanide does not show a single one of the ordinary 
reactions of iron, this being a necessary coneequenee of 
the condition first referi-cd to. 

We have thus the remarkable circumstance that 
iron can be tested for by means of a reagent which 
contains iron itself. The ferro- and ferricyanides of 
the heavy metals are sparingly soluble and usually of 
brilhant c-olonr* With ferrous salts ferrocyanogen 
gives a white precipitate which rapidly becomes blue 
by oxidation, and with ferric salts a dark blue pre- 
cipitate ; ferricyanogen yields a blue precipitate with 
fen^ous salts, but only a dark brown coloration mth 
ferric, this last colour being due to the non-ionised 
portion of the feiTic ferricyanide produced. All those 
precipitates are amorphous and pass very readily into 
a colloidal mud, hence they cannot be washed ; they 
are therefore only siuted for qualitative and not for 
quantitative purposes. 

Iron in the ferrous state can be estimated voln- 
metrically with great ease and exactitude by means of 
potassium permanganate ; should the iron in the 
solution be ferric, it must first be reduced, this being 
most conveniently done by zinc dust free from iron. 
The process depends upon the transformation of the 
ferrous into the ferric ion on the one hand, and the 
convention of the permanganate into manganous salt on 
the other, thus— 

aOlaO^ + lOFeSO^ + SH^SO^ = 

KgSO^ + SMuSO^ + 5Fe^(S04)3 + SHp, 
One combining weight of permanganate is therefore 
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equal in tiiis case to five atoms of iron. The solu- 
tion must be acid with sulphuric acid, but not with 
hydrocMoric, since permanganate oxidises the latter in 
presence of iron salts. It is a catalytic reaction which 
goes on here, but very little is known yet of the laws 
which regulate it. The fact that oxalic acid can be 
titrated with permanganate in hydrochloric acid solu- 
tion with perfect sharpness^ and without a trace of 
chlorine being set free, shows that the reaction above- 
mentioned is not due to the hydrochloric acid and 
permanganate alone. 



3, Chromium 

The formation of various ions is shown even more 
by chromium than by iron, for, besides the di- and 
trivalent cation Cr, we have the divalent anion of 
chromic acid CrO^^', and the likewise divalent anion of 
dichromic acid Cr.,0^'^ The two latter are to be looked 
upon as absolutely distinct compounds. 

For the purposes of analysis it is unnecessary to 
consider the divalent chromium ion, for it changes so 
readily into the trivalent, that it can in fact only be 
obtained when special precautions are taken. Tiie 
trivalent chromium ion resembles in its behaviour the 
other trivalent ions of aluminium and fenic iron, 
being somewhat weaker than the first and somewhat 
stronger than the second. Various bases of the 
general composition, nCrO^^H^^ — mH,,0 result from 
chromic oxide by condensation, and these are to be 
looked upon as the hydroxides of compound chromium- 
oxygen ions. That we have to do with new ions 
here, and not merely with basic salts, is shown by the 
change in colour and in analytical properties, and by 
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the fact that the conversion of the one kind of salt 
into the other takes place graduaUj and not instan- 
taneonsly. It la also of importance for practical 
analyaiü that chromic oxide comhines readily with 
polybaeic acids to form complex: adds, which show 
neither the reactions of chromiuni nor those of the 
acid in q[uestion. This takes place very easily with 
sulphuric acid, for example; when chrome almn is 
heated, the potassium salt of a chromi-sulphuric acid 
is formed, whose aqueous solution does not give the 
tests either for ehromimn or for sulphuric acid. Such 
compounds are readily decomposed by fusion with 
alkaline carbonate. 

Chromic oxide dissolves in alkalies to a green 
solution, for the same reason that alumina dissolves in 
these. Precipitation takes place when this solution 
is boiled, because a less highly hydrated oxide is 
produced, in whose solution the chromium ions have 
a smaller concentration than in the alkaline liquid. 
The latter is, therefore, super-saturated with respect 
to this second oxide, which must consequently come 
down. The same reaction goes on in the cold, only 
very slowly. Ammonia dissolves only traces of chromic 
oxide ; the complex chrora-ammonimn compounds, 
of which a great number are known, are formed in 
another way. Unlike potash and soda, ammonia is 
too weak a base to form a salt in this ease. 

The ion CrO^" of chromic acid is yellow in colour, 
and the soluljility of the Chromates is somewhat the 
same as that of the sulphates. This ion is only stable 
in a neutral or basic solution ; when it meets vrith 
hydrogen ions, two of these act upon two of the CrO^" 
ions, with the formation of water and of the ion Cr^O/', 
which has a red colour. In consequence of this. 
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chromic acid is a weak acid, and the chromateB which 
are sparingly soluble iii water dissolve readily in 
acids. Barium Chromate is unsuited to the separa- 
tion of chromic acid, as it cannot be washed well ; 
mereiirous Chromate is better, but must be washed 
with a solution of the nitrate, on account of its solu- 
bility. When it is ignited, chromic oxide is left 
behind. 

Chromium forms complex ions with cyanogen 
similar to those of iron and cyanogen, but less stable, 

4. Manganese 

Unlike chromium^ the divalent manganese ion is 
the more stable i the trivalent ion is so weak that its 
salts are incapable of existing in aqueous solution, 
being immediately decomposed by hydrolysia There 
are only a few manganic salts which exist as well- 
defined compounds (the phosphate more particularly), 
because they are insoluble in water. 

The manganous ion is pale pink in colour, and 
approximates more to magnesium in properties than 
to any other element ; its behaviour towards ammonia 
in particular agrees almost perfectly with that of 
magnesium. The ammoniacal manganese solution 
becomes, however, muddy with a brownish precipitate 
on exposure to the air, from the separation of in- 
soluble manganic hydroxide. 

Manganous sulphide is the most soluble of all the 
metallic sulphides of this group, and therefore only 
sep^irates with sufficient completeness in presence of 
excess of ammonium sulphide, and after prolonged 
standing ; it must also be washed with water con- 
taining sulphide of ammonium, to prevent any going 
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into solution. Further, its precipitation is prevented 
by very amaU quantities of acids, even comparatively 
weak ones. 

Manganese forms with oxygen two different ions 
of the formula MnO^, which have the same composi- 
tion, and only differ in their valencies, the one being 
mono- and the other divalent. Notwithstanding 
their identity in composition they possess very different 
properties. The monovalent ion MnO/ has an intense 
red colour, and resembles the ion of perchloric acid 
in its behaviour, while the divalent ion MnOi" is as 
intensely green, and shows an analogy to the ion of 
sulphuric acid. Divalent Mn04 is only stable in an 
alkaline solution; in an acid one it passes into the 
monovalent ion* Since half of the hydrogen ions 
must disappear in this latter case, the requisite oxygen 
is taken from another portion of the compound, which 
is thereby reduced to manganese peroxide. 

The pronounced colours of the manganates and per- 
manganates afford a convenient means for the recog- 
nition of any kind of manganese salt ; the latter is 
converted into raanganate upon fusion with sodium* 
potassium carbonate, the bright green colour of the 
fused mass showing the presence of manganese. Per- 
manganic acid is formed when manganese compounds 
are warmed with nitric acid and peroxide of lead, the 
liquid thereby becoming red. Chlorine compounds 
disturb this reaction, and must therefore be separated 
beforehand. 

On account of its rapid oxidising action potassium 
permanganate is much used for the volumetric deter- 
mination of oxidisable substancea like iron, oxalic 
acid, etc. Iron is oxidised by it almost instantane- 
ously, but oxalic acid requires a measurable time 
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for tlie action to complete itself; towards the end of 
the titration the rate of reaction increases very dis- 
tinctly. This arises from the accnmuktion of man- 
ganese salt (from the reduction of the pemianganateX 
by which the action is hastened catalytically ; the 
same quickening effect is noticeable if some roan- 
ganons sulphate is added before the titration is begun. 
An excess of free add likewise facilitates the process 
in proportion to the degree of concentration of the 
free hydrogen ions. 

The stroDg colour of the permanganate itself 
renders the use of any indicator unnecessary ; this is 
in fact one of the few cases of titration without an 
indicator. 

The permanganate ion can be detected by the spec- 
troscope with still more delicacy than by the naked 
eye. Its spectrum, which is shown equally by solu- 
tions of every salt of the acid, seeing that the same 
coloured ion is present in each, contains five dark 
bands in the yellow and green, and shows distinctly at 
a dilution when the colour is imperceptible by the 
eye alone. 

5, Cobalt and Wickel 

In cobalt and nickel we no longer find the capacity 
for forming trivalent ions. They do, it is true, form 
higher oxides ; these are, however, not of a basic 
nature, but of the character of peroxideSj being in- 
soluble in dilute acids, and giving off chlorine with 
hydrochloric acid. 

In these metals we have therefore to deal only 
with divalent ions, besides with some complex com- 
pounds possessing special properties of reaction* The 
cobalt ion is red, and that of nickel emerald green. 
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The non-ionieed cobalt salts are for the most part 
dark blue; hence, m their solutions become concen- 
trated, all the causes which go to diminish ionisation 
tend to change the colour from red to blue. Warming 
on the one hand, and the addition of strongly ionised 
salts with a like ion on the other, are among those 
cauacs. The action is best seen by adding con- 
centrated hydrochloric acid to cobalt chloride. Al- 
though it is contrary to the generally prevailing 
view, there is no contradiction in ionisation being 
reduced by warming; this has in fact been oft^n 
proved for the case of ionic dissociation. 

Cobalt and nickel show a striking peculiaiity in 
thati while their salts are not thrown down by sul- 
phuretted hydrogen from an acid solution, the sul- 
phides, after being once precipitated, are no longer 
soluble in dilute acid. This anomaly has still to be 
explained. It may however be surmised, on the one 
hand, that the sulphides imdergo a change into a less 
soluble form immediately after precipitation, and on 
the other that they only exist in a sparingly soluble 
form, but that exceptionally persistent super- saturation 
phenomena in respect to the metallic sulphide in 
course of formation are produced in the acid solution. 
The latter of the two conjectures is the less probable, 
seeing that the sulphides are precipitated without any 
difficulty from an acetic acid solution. An investiga- 
tion directed to the clearing up of this anomaly would 
be of some interest.^ 

The capacity of forming complex ions is more 

' Siöce thß foregoiug was writien in tlie first German edition of this 
book, A. YilUers, CQmpfes licvdm, vol, cxix. p, 1263 (1894), liaa done 
fionifl work in this direction, wMch will no doubt be further extended 
and perfected. So far, it t*llH in faronr of the first of the two above 
explanation a. 
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developed in cobalt salts than in those of uickel, and 
upon this difference are based the methods for separ- 
ating the otherwise very similar metala. The moat 
conYenient of these methods consists in treating the 
mixed solutions with nitrite of potassium in acetic 
acid solution. Potassium-cobalt nitrite is thus formed, 
or — more correctly — the potassium salt of a nitroso- 
cohaltic acidj a salt whicli h insoluble enough in 
presence of excess of potaasic nitrite. This precipita- 
tion goes on but slowljj and the liquid must therefore 
be allowed to stand for several hours in order that the 
separation may be practic4illy complete. This is a 
proof that we have to do here with the formation of 
a complex salt, and not with an ordinary ion reaction. 
Nickel gives no such insoluble compound under the 
circumstances. 

Another method of separation is based upon the 
different behaviour of the complex cyanogen com- 
pounds. That of cobalt is extremely stable, and is 
not decomposed by acids even on boiling, while the 
corresponding nickel compound precipitates under those 
conditions the sparingly soluble nickelous cyanide. 

The same difference in the stability of the com* 
plex ions shows itself in the ammonium compounds. 
Both metals are precipitated by ammonia from their 
solutions as hydroxide in the first instance, which 
redisBolves in excess of the reagent. While, however, 
the nickel-ammonium compounds are so readily decom- 
posable that in the solid state they lose ammonia in 
the air, those of cobalt become oxidised to stable 
complexes which are unaffected even on warming with 
alkali. The compounds just mentioned belong, too, to 
CLUite different types. 
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6. Zinc 

Zinc forms only divalent ions; higher oxidation 
products are unknown in its case. Zinc hydroxide 
may give up hydrogen as an ion, whereby the very 
faintly acid ion ZnO^j^' is produced, and we also find 
zinc m a constituent of complöx ions along with 
cyanogen, ammonia, eta 

Accordingly zinc oxide, which is insoluble in 
water, dissolves in potash and soda as well as in 
ammonia. The reason for this is, however, different 
in the two eases, the solnbihty being due in the first 
to the formation of the ion ZnO^", and in the second 
to the production of complex zine-ammoninm ions. 
These latter are fairly stable ; hence the hydroxide is 
not split up hydrolytieally, and zinc oxide dissolves 
in ammonia although no excess of ammoninni salt is 
present.^ 

Sulphide of zinc is lesa soluble than the other 
sulphides of this group. The greater part of the zinc 
separates out when sulphuretted hydrogen is passed 
through solutions of neutral zinc salts of the stroug 
acids. 

It depends upon the nature of the acid of the zinc 
salt how much zinc %vill still remain in solution. For 
the equilibrium of the solution with the solid zinc 
sulphide is determined by the product of the con- 
centrations of the zinc and sulphur ions j and 
sulphuretted hydrogen being a very weak acid, the 
concentration of the sulphur ions is inversely propor- 
tional to the concentration of the free hydrogen ions 

1 This explanation ia, liowevor, not quite cefTtaia (compare the 
Bectiou upon Ma^neaiuni} p. ]43). 
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of the acid which has been liberated For the reasons 
given on p. 146, the conc-entration of the total amount 
of sulphuretted hydrogen may be considered as being 
constant. The less, therefore, the acid ionises and 
the more concentrated the solution of zinc salt is, the 
less zinc escapes precipitation. Further, since the 
Ionisation of weak acids can be lowered at will by 
the addition of their neutral salts, the well-known old 
method of precipitating zinc in presence of an excess 
of sodium acetate is thus shown to be theoretically 
justified. 

In order to completely prevent the precipitation of 
zinc salts by sulphuretted hydrogen, it is necessary to 
add a suflBcient quantity of a strong acid. The free 
hydrogen ions of this then lower the Ionisation of 
the hydrogen sulphide to such an extent that the 
value of the solubility-product is never reached, in 
spite of there being an abundance of zinc present. 
The amount of added acid must of course be approxi- 
mately proportional to the amount (or rather to the 
square root of the amount) of the zinc salt. 
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Gen€7'al Froperties 

The metals of this group are distinguished from those 
of the iron one hj the insolubility of their sulphides 
in dilute strong acids. I'roni what has been already 
saidj this difference is merely one of degree ; the 
intermediate stages that we should expect are to be 
found in cadmium and lead. For the rest, the metals 
of this group diiFer very considerably among each 
other, so that ifc is hardly possible to give a general 
description of them. 

Some of the metala of which we have to speak 
here belong to the ao-ealled " noble " metals, and we 
might also refer to the others as being " nobler " than 
those of the iron group. This word^ although indefinite, 
gives expression to a perfectly definite property of 
the metalSj which may be termed their Ionisation tend- 
ency, the measure of the latter being the free energy 
given out through the transition of an equivalent of 
the metal into the ionic state. The greater this is, 
the more easily and quickly will the metal paas into 
the ionic conditio n, and vice versa. This tendency has 
its greatest value in the case of potassium ; it is 
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smaller with alurainium, zinc, tin and cadmium, almost 
zero with lead^ and negative in the ease of copper, 
antimony, bismuth, silver, gold, etc., i.e. free energy 
13 given out when the ions of the latter metals change 
into the ordinary metallic state. We liave to be^tr in 
mind, however, that this statement applies only to a 
measurable concentration of the ions ; when the con- 
centration is very small {i.e. below the limits of 
analytical proof), every metal is displaced towards the 
less noble side. The point at which the noble metals 
begin is not, however, determined hj this, but by 
whether or no the metal is oxidised by free oxygen. 

It is thus apparent that the metals with positive 
ionisation tendency are those which dissolve in acids 
with the evolution of hydrogen ; this arises from the 
fact that the ionisation tendency of hydrogen is almost 
zero. In other respects the order of ionisation tend- 
ency is the same as that of the electro-chemical series of 
the metals, of which latter it is the exact expression. 

Certain metals in particular solutions show devia- 
tions from the ordinary electro-chemical series. This 
always arises when the metal in question dissolves in the 
liquid to a complex compound, and the displacement 
is invariably in the direction of the metal comporting 
itself as if it were less noble. The I'eason of this is 
that the quantity of free energy referred to above is 
here inversely as the coneentmtion of the ions in the' 
liquid ; it is greater the smaller this concentration 
becomes. If, therefore, there is present in the liquid 
a reagent which takes up the ions to the same extent 
as they are produced, an increased ionisation tendency 
remains permanent and the metal behaves like a less 
noble one. The converse of this cannot occur, for, 
although the concentration of the ions can be reduced 

M 
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to any degree, an insurmountable limit to their 
increase is very soon reached hecauae of the limited 
solubility of the metallic salt ; consequently there is 
BO displacement of the position of the metal in the 
direction of the nobler ones. 

The most striking phenomena of this kind are 
shown by cyanide of potassium. After what has been 
already stated, it is hardly necessary to saj that this 
is due to the unusual facility with which cyanogen 
forms complex compounds with the metals. 



1. Cadmium 

Cadmium is very like zinc in its reactions, only its 
sulphide Ib less soluble, and therefore precipitates more 
completely from an acid solution than that of the 
latter metah On the other hand, it requires a very 
considerable concentration of free acid to prevent the 
precipitation or to recUasolve the precipitated cadmium 
sulphide. In other points the laws given for zinc 
sulphide hold good for the sulphide of cadmimn. 

In another respect we find here a phenomenon 
which is slightly indicated by zinc, more distinctly by 
cadmium, and which has a decisive influence upon the 
reactions of mercury, viz. the small Ionisation of the 
halogen compounds» While no difference in this 
respect is noticeable between the oxygen and the 
halogen salts of the metals that have been already 
mentioned, we find a difference here, and it is necessary 
to bear this difference in mind if we would discuss 
the analytical behaviour of the metals properly. 

The action which a slight ionisation of a soluble 
salt exerts is this : sparingly soluble precipitates are 
produced in its solution more imperfectly and with 
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greater difficulty, and such precipitates are much more 
soluble iu the reageuts which go to buBd up the 
weakly ionised salt {e.g. iu tlie corresponding acids), 
than would be the case under ordinaiy conditions. 
This difference is not jet veiy distinct in the case 
of cadmium ; the chloride comports itself in almost 
exactly the same way as the other salts do, and only 
the iodide— which iouiaes least — shows measurable 
deviations. Hjdriodic a^id dissolves cadmium siil- 
pliide much more abundantly than either hydrochloric 
or nitric acid of equal concentration, and a solution 
of iodide of cadmium can only he precipitated slowly 
and incompletely by sulphuretted hydrogen. Hittorf 
pointed this out a considerable time ago, but it can 
be explained only by the dissociation theory. 

Cadmium has not much tendency to form complex 
ions. The hydroxide is indeed soluble in ammonia, 
but the sparingly soluble salts like the carbonate are 
not so in any considerable degree. The complex 
cyanogen compound, too, whose potassium salt has the 
composition K2Cd(CN)^, is less stable than many 
similar substances, Le. the ion Cd(CN)^'^ is split up 
into Cd' ' and 4CN' to a sensible extent. For, in spite 
of the relatively great solubility of cadmium sulphide, 
this complex cyanide is decomposed by sulphuretted 
hydrogen with separation of the sulphide; cadmium ions 
are thus present in materially greater concentration in 
its solution than in the aqueous solution of cadmium 
sulphide. 

2. Copper 

Copper can fonn mono- and divalent ions — cuprous 
and cupric. The monovalent resemble those of silver 
and the monovalent mercury ions, while the divalent 
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are like those of the magnesium group. The one ion 
readily changes into the other. 

Of the salts of monovalent copper — the cuprouB 
salts — only the halogen compomida are known, and 
these hecome less soluble with increaaing weight of 
the halogen. The iodide is sufficiently insoluble to be 
made use of for the analytical separation of copper 
When iodide of potassium is added to a cupric salt, 
the cupric and iodine ions react with one another to 
produce cuprous iodide and free iodine thuj : 

Cu- + 2I' Z Cul + I 

The reaction is imperfect^ as the reverse process may 
go on at the same time ; in order to make it complete, 
one of the products of the reaction must be removed. 
Sulphurous acid is therefore added, which converts 
the iodine into iodine ions {i.e. hydriodic acid) ; the 
concentration of one of the compounds on the left- 
hand side of the equation-formula is thus raised at the 
same time, and the separation of the sparingly soluble 
aalt made more complete. 

Advantage may be taken of the same reaction to 
separate the iodine from a mixture of halogen com- 
pounds by distUling the latter with an excess of 
sulphate of copper. The reaction is completed in this 
case by the mechanical removal of one of the two 
resulting products (the free iodine). 

Similar processes go on when cupric ions meet 
with those of cyanogen or thiocyanogen. In the first 
case, as in that of iodine, haK of the cyanogen is set 
free and escapes as gas. In the second, a com- 
plicated decomposition results, uuless care is taken to 
reconvert the thiocyanogen into the ionic state by 
adding some reducing agent. 
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Tlie opposite process — the conversion of cuprous into 
cupric ious — ^takes place when cuproua oxide is treated 
with strong oxygen a^ids. We have thus the i^eaction : 

i.e. two monovalent cuprous ions are transformed into 
one divalent cupric ion and metallic non-ioniaed copper. 
By following some suitable procedure (e.r/, hj the 
interaction of silver sulphate with cuprous chloride), it 
should be possible to obtain dissolved cuprous sidphate 
in very dilute solution, but so far as I am aware this 
has not yet been tried,' 

Copper also forma two sulphides corresponding to 
the t%vo oxidesj but the second is not obtained pure 
in aqueous solution, the precipitate consisting in part 
of cuprous sulphide mixed with sidphui\ So when 
copper is estimated quantitatively as cupric sulphide, 
the latter must be ultimately reduced to the cuprous 
salt by ignition in a current of hydrogen. 

Although cupric sulphide is leas soluble than sul- 
phide of cadmium, its precipitation can nevertheless 
be prevented by hydrochloric acid of medium con- 
centration. In such a case the sidphide can then be 
broiight down by dilution with water, as this lowers 
the concentration of the hydrochloric acid, while that 
of the sulphuretted hydrogen remains the same — 
aesuming that the gas continues to be passed through 
the liquid to saturation. 

Both of the copper ions, mono- and divalent, form 
complex ions with ammonia ; the first are colourless, 
but undergo oxidation very quickly into the second 

^ Förster and äeidel hare recently shown that cuproua iulphate 
most probably doea exbt {ZeüscJiriß für arLorganiiche Chemie t yoh 
3ti?, p* 106 (1807)1. 
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which are blue. These compoundia are so stable tlmt 
most of the sparingly soluble copper salts dissolve in 
ammonia^ the sulphide being an exception. Copper 
also enters with equal readiness into the hydro^cjl of 
organic and inorganic hydroxy-compounds, from which 
- — excepting by sulphui^etted hydrogen — it cannot be 
thrown down by the ordinary precipitants. 

Of the complex compounds^ the cyanogen-cuprous 
ion is dissociated to an exceptionally small extent into 
copper ions. Consequently all copper salts, including 
cuprous sulphide, are soluble in an excess of cyanide of 
potassium. This distinguishes copper from all the 
other metals of the group. 

Silver forms^as such — only monovalent ions, but 
it has a great tendency to build up complex ions* It 
is characterised from an analytical point of view by 
the great inBolubihty of its halogen salts, which 
increases with the atomic weight of the halogen. 

If we throw down a mixture of halogen compounds 
of difierent solubilities with (an insufficient quantity 
of) nitrate of silver, the precipitate will contain chiefly 
the halogen of higher atomic weight. But it is im- 
posÄible to effect a complete separation of the latter 
in this way, for the halogen ions remain in the 
liquid in the ratio of the solubility - producta of 
their silver compounds. If in a solution Uke sea 
water, for example, a small quantity of bromine is 
present along with a large quantity of chlorine, 
the former is precipitated very incompletely indeed 
by the addition of silver nitrate. In such a case 
it is first necessary to raise as far as possible the 
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ratio of bromuie to chlorine in the liquid under 
examination, €.g, hy evaporating down and extracting 
the residue of dry salts with alcohoL If we could be 
certain that the precipitate wag in the right chemical 
equilibrium with the Hquid, the amount of bromine 
remaining in the solution could be calculated, seeing 
that it must then form a perfectly definite fraction of 
the chlorine present. It is assumed here that the 
bromine ia present in not less quantity than corresponds 
to the equilibrium. Should this not be the case, the 
precipitate will consist of pure chloride of silver ; and 
this can be applied to test whether the condition just 
mentioned has been fulfilled or not. 

Silver combines with ammonia to a complex ion 
which contains two molecules of the latter to one atom 
of silver. This compound is among the more stable of 
its kind ; in its solution the silver ions have a smaller 
concentration than in the aqueous solution of silver 
chloride, which follows from the solubility of the latter 
in ammonia. In the case of silver bromide the 
solubility is approximately such that the concentrations 
of the 'ions are equal. Iodide of silver is decidedly less 
soluble, and is therefore hardly dissolved by ammonia 
in a measurable degree. 

The complex ion which silver forms with the anion 
of the thiosulp hates is even somewhat more stable 
than the ammonia compound, the silver uniting directly 
with the sulpiiur. Hence sodium thiosulpliate can 
dissolve not only all the silver compounds that are 
soluble iQ ammonia, but also some which are not 
soluble, or at least very sparingly so, e.g, silver bromide. 

The most stable of the complex silver compounds 
is the silver cyanide ion, which has the com- 
position Ag(CN)2". It is formed so quickly and 
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easily that the reaction can be used for the titration 
of cyanogen. The liquid is made alkaline and a 
solution of silver nitrate run in; so long as the 
cyanogen ions are present in excess the solution 
remains clear, but as soon as the ratio of one atom of 
silver to two molecules of cyanogen becomes exceeded, 
silver cyanide is thrown down. 

Cyanide of potaaaium dissolves aU the salts of 
silver with the exception of the sulphide, the latter 
being — next to sulphide of mercury — the most in- 
soluble sulphide of this group. The behaviour of 
silver salts with the thiosulphates has already shown 
us what a great affinity silver has for sulphur. For 
the same reason metallic silver decomposes sulphuretted 
hydrogen, with liberation of hydrogen^ just as zinc 
breaks up hydrochloric acid ; the character of the 
" noble " metals has entirely disappeared here. Silver 
must also dissolve in a solution of cyanide of potassium 
with evolution of hydrogen ; experiments in this 
direction show in fact a distinct solubility. 

Silver salts are always used to teat for the halogens, 
although- — as akeady stated — they only react when 
these are present in the state of ions. The slow 
precipitation that salts of silver give with organic 
halogen compounds (which cannot be regardecl as salts 
in the ordinary sense), seems to me a proof that even 
such compounds can be dissociated in minute degree* 



4. McTciiry 

Mercury forms mono- and divalent ions, the former 
resembling the ions of silver, and the latter those of 
cadmium. There are also many similarities between 
mercury and copper. A special characteristic of 
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mercury is its tendency to form compounds of low 
ioniaation, which gives rise to a great number of 
" abnormal " reactions. 

The monoYalent or nierciirous ion yields like that 
of silver sparingly soluble halogen compounds, whose 
solubilities follow the same order as tliose of the silver 
series. They differ from the corresponding silver salts by 
the formation of black insoluble ammonia compoimds : 
while silver chloride dissolves in aqueous ammonia, 
mercurous chloride is turned black by it There are 
certain resemblances to copper in respect to the 
mutual transformations of the mono- and divalent 
ions, but at the same time some Rtriking differences. 
Thus, wliue mercurous oxide passes readily into 
mercuric, the mercuric halides- — in contradistinction 
to the copper compounds — are far more stable than 
the mercurous. Mercurous snlpliide has no existence, 
breaking up as it does at the moment of fonnation 
into mercuric sidphide and metallic mercury. Mercuric 
sulphide^ on the other baud, is an exceptionally stable 
compound ; it is the only sulphide which does not 
dissolve in nitric acid. It resembles to some extent 
the sulphides of the next group in being dissolved by 
sidphide of potassium (although only in concentrated 
solution) in presence of caustic alkali ; it is repre- 
cipitated again on diluting» Sulphide of ammonium 
does not dissolve it. 

The divalent mercuric ion shows itself in the oxygen 
salts — which are dissociated normally^ — -to be a very 
weakly basic ion ; its salts are split up to a great ex- 
tent hydrolytically in aqueous solution, for a clear 
solution can only be obtained by having an excess of 
free acid present. The halogen compounds, on the other 
hand, are perfectly stable on dissolving, although in 



170 I^OUNÜATIONS OF ANALYTICAL CHEMISTRY chap. 

their reactions they deviate in many points from the 
oxygen salts. The electric conductivity showa that 
the mercury hülidea are ionised in an extremely slight 
degree, so that their solutions only contain mercuric ions 
in very small concentration. We have already seen 
that compoiuids of slight ionisation always result 
when their conBtituent ions meet, and so the oxygen 
salts of mercury assume the reactions of the halides 
whenever they are brought into contact with soluble 
halogen compounds. A considerable amount of heat 
is given out here, in contradistinction to the ordinary 
behaviour of neutral salts upon interaction, when t)ie 
law of thermal neutrality holds good, and no heating 
effect at all is produced. 

Mercuric oxide acts as a very weak base with respect 
to most aeida ; when^ however, it is added to soluble 
halogen compounds, the liquid becomes at once strongly 
alkaline. This action ia weakest with chlorides and 
strongest with iodides, iodide of potassium being de- 
composed by mercuric oxide to the extent of 90 per 
cent. The reaction depends, on the one hand, upon 
the slight ionisation of the corresponchug mercury 
compounds, and, on the other, upon the union of the 
latter with excess of the alkaline haHde to form the 
alkali salts of very stable mercuric -halogen by dr acids. 
The stability of these complex cooipounds likewise 
increases with increasing atomic weight. 

The same cause is at the root of the reverse pheno- 
menon — that the mercuric lialides are only decomposed 
by alkalies with difficulty. Mercuric chloride requires 
a considemble excess of alkali for tbis, while the iodide 
is not attacked at all. It may, however, be decomposed 
either by sulphuretted hydrogen or by alkaline sulphides* 

Lastly, the same considerations explain the reactions 
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on which Liebig's process for the volumetric deter- 
mination of clilorine (as ion) are haaei A solution 
of mercuric nitrate in a certain excess of nitric 
acid gives a precipitate with ui^a, while none 
ensues between urea and mercuric chloride. The 
reason of this is that more mercury ions are contained 
in the first solution than correspond to the solubiuty- 
product of the sparingly soluble urea compound ; while 
in the solution of mercuric chloride the mercuric ions 
are present in very small number only, and the critical 
value is never reached. If, therefore^ merciuic nitrate 
is added to a solution containing a chloride together 
with urea, no precipitation takes place so long as there 
are still chlorine ions present to form non-ionised 
mercuric chloride, but after that the slightest excess 
of nitrate produces a precipitate. 

The great affinity of mercury for sulphur causes 
mercuric oxide to react with sodiiun thiosulphate and 
sodium sulphide in the same way that it does with 
potassium iodide ; i.e, n strongly alkaline liquid re- 
sults. And a similar action takes place with potassic 
cyaiiate, thiocyanate and nitrite ; in all these cases 
complex compounds are formed whose dissociation into 
mercury ions is but very small. In organic compounds, 
too, which contain hydrogen combined with nitrogen 
or aiilphnr, mercury replaces the hydrogen with great 
readiness ; from the solutions of the compounds thus 
formed mercuric oxide is not precipitated by alkali, 
or at least only incompletely. 

The action of iodide of potassium upon mereurous 
salts depends upon similar causes, half of the mercury 
being separated here in the metallic state. The reac- 
tion is like that of acids upon cuprous salts ; two mono- 
valent mereurous ions give one atom of metallic 
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merctny and one diTalent mercuric ion, the latter 
passing immediately into potassium -mercury iodide. 

When mercuric salts are thrown down by sulphur- 
etted hydrogen, we get at first a white precipitate, 
which becomes by degrees red, brown, and finally black. 
The white substance is a compound of mercuric sulphide 
with the other mercuric salt still present, the latter 
becoming gradually decomposed by the excess of 
sulphuretted hydrogen. Sulphide of mercury is not 
oxidised by the air, unlike almost all the other metallic 
sulphides, because ifc is more stable than either the 
oxide or the siüphate, — a point which follows from 
what has been alrauly eaiA 

In the cyanide mercuiy forms a complex compound 
of the most stable kind. The electrical conductivity 
of mercuric cyanide is so small as not to be measur- 
able ; and the solution of the salt is not precipitated 
either by caustic alkali or any other reagent, with the 
exception of sulphuretted hydrogen or alkaline sulphides. 
With potassic cyanide it forms the very stable salt, 
potassium mercuricyanide. It may be looked upon as 
the t}^>e of compound which is incapable of reaction 
for want of electrolytic dissociation ; and, notwith- 
standing the extremely poisonous character of its 
constituents (when these are present as ions), it exerts 
no appreciable poison effect [Paul and Kronig, Zeitschr. 
phpsik. Chemie, voL xxi* p. 414 (1896)]- 



5. Lead 

Unlike mercury, lead has very little inclination to 
form complex compounds; its reactions are therefore 
almost aU normal. 

There is only the one kind of lead ion^ the divalent ; 
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the higher oxide of lead is incapable of electrolytic 
dissociation, at least, no dissociation can be de- 
tected. Like the hydroxide of zinc, lead hydroxide 
can, however, give up hydrogen and thug form an 
oxygenated anion — as follows from its solubility in 
alkalies. But lead does not poasesa the capacity — ao 
general among the heavy metals — of forming complex 
stable compounds with cyanogen and ammonia. The 
only abnormal reaction that we have to consider is the 
substitution of hydroxylic hydrogen in organic hydroxy- 
compounds. The result of this is tbe formation of salts 
of complex acids contaiuing lead which are soluble in 
alkaline Hquids; the sparingly soluble lead salts 
dissolve, for example, in basic tartrate of ammonium. 
Sodium thiosulphate possesses a like solvent power for 
these, becoming converted by contact with lead salts 
into the salt of a plumbo-thiosulphuric acid, but this 
compound decomposes very quickly with the separa- 
tion of sulphide of lead, so it is not made use of in 
analysis. 

The sulphate serves for the analytical separation of 
lead. It has about the same solu))ility as sulphate of 
strontium, and one must consequently use a large 
excess of sulphuric acid for the precipitation, the acid 
liquid being ultimately displaced from the filter by 
alcohoL Lead sulphate resembles sulphate of barium 
in appearance, but is easily distinguished from the 
latter by its solubility in ammonium tartrate. 

Lead sulphide is not one of the most insoluble 
sulphides, its precipitation being prevented by hydro- 
chloric acid of moderate concentration. It must there* 
fore be thrown down in dilute solution. 

The halogen compounds of lead are not insoluble 
enough to be of much use for quantitative analysis. 
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The iodide forms a soluble complex salt with iodide 
of potassium in concentrated solution, which is hioken 
up again into its constituent salts by excess of water. 
Hence in a solution of potassic iodide of increasing 
concentration, the solubility of iodide of lead at first 
diminishes on aceouut of the increase in iodine ions^ 
and then augments througli the formation of the 
complex salt, 

6, Bwmuth 

The type of compouuda which it fornxs places 
bismuth alongside of arsenic and antimony, which 
belong to the next group of metals. But the general 
law—that with increase of atomic weight the acid 
properties diminish — -is exemplified in bismuth to such 
an extent that its sulphide can no longer form soluble 
thio-salta with the sulphides of the alkahes. It must 
therefore be reckoned for analytical yjurposes as be- 
longing to the copper group. 

Bismuth forms a trivalent cation of very weakly 
basic character. Its salts are all strongly decomposed 
by water hydrolytically, with the production of 
sparingly soluble basic salts, this reaction being a 
characteristic of bismuth. In many cases the resulting 
compounds are to be regarded as salts of the mono- 
valent ion BiO', which shows certain points of 
resemblance with the ion of silver or of monovalent 
mercury. The chloride, BiOCl, in particular, not only 
resembles chloride of silver and calomel in ita in- 
solubility, but also to some extent in its appearance, 
and in the fact of its darkening on exposure to 
sunlight. 

There is practically no tendency on the part of 
bismuth to form complex salts, neither cyanogen nor 
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ammonia exerting any solvent action upon its 
sparingly soluble salts. Bismuth would be the only 
heavy metal which showed no abnormal reactions, 
were it not that the precipitation of oxide is prevented 
by organic hydroxy-compounds in its case also. 



CHAPTEK XI 



THE METALS OF THE TIN GROUP 



1. GsTieral Properties 

The metals of this — the last — group form, like those 
of the preceding one, sulphides which are insoluble in 
dilute strong acids, but which differ from the others 
bj dissolving in alkaline sulphides. This eolnbility 
depends upon the production of thio-salts, i.e. s£ilts of 
similar composition to the oxygen ones, but containing 
sulphur in place of oxygen, Tlie alkaline salts thus 
obtained are soluble in water, and break up on adthtion 
of acid into metallic sulphide, which is thrown down, 
and sulphuretted hydrogen. The free thio-acid is 
really formed in the first instance, but it is unstable 
and immediately breaks up as stated. It may bo 
asked why it should do this, seeing that the neutral 
salt and free acid both contain the same ion, whose 
stabiHty should not be affected by the mere presence of 
the other ion. The answer is that the other possible 
decomposition products — besides the metallic sul- 
phides — Yi^, alkaUne sulphide on the one hand or 
sulphuretted hydrogen on the other, are dissociated 
Tery differently ; the last-named, being a very sliglitly 
ionised compound, is produced in the greatest possible 
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amount, with the result that the complex is broken 
down. An excess of strong acid thus exerts a decom* 
posing action for two reasons — (1) it reduces the 
Ionisation of the aiüphuretted hydrogen still further 
and so increases the tendency to decomposition, and 
(2) the rate of decomposition is augmented catalytic- 
ally by the presence of hyilrogen ions. Lastly, acids 
also cheek the inclination of the sulphides to pass into 
the colloidal state. We must remember, however, that 
too large an excess of acid has to be avoided, since 
some of the sulphides in qumtiori are soluble in strong 
acids. 

The capacity of forming thio-aalts is closely conjoined 
with the property of the same metal to give mainly 
oxides of acid character with oxygon. Just as these 
dissolve in alkalies, so do the siüphides dissolve in 
alkaline sulphides* 

2. Tin 

Tin forms divalent cations ; its higher oxygen com- 
\ pound is an acid anhydride, but the existence of tetrii- 
valent tin ions is not altogether impossible. The 
properties of the stannous ion are peculiar to itself, 
and they bear no resemblance to those of the ions of 
the other metals already spoken of The readiness 
with which stannous compounds pass into stannic is 
very characteristic, hence they act as powerful reducing 
agents. 

Stannous hydroxide is soluble in alkalies, and it can 
therefore form an anion SnO^". The alkaline solution 
possesses extremely strong deoxidising powers, reducing 
even bismuth salts from their solutions with the pro- 
duction of a characteristic pi^cipitate of black colour» 
From the concentrated solution tin gradually separates 
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out, a stannate being formed at the same time. The 
reaction maj be regarded aa the conversion of the I 
divalent ion SnO^'' of the stannites into the equally 
divalent ion SnO^^^' of the stannates, the requisite 
üxygen being abstracted from a second SnO^ ion. The 
chemical equation is — 

2E2Sa05j + H3O ^ E^SitOa + 2K0H + Sn, 

The E^lubility of stannous hydroxide in alkahei^ 
will have already led to the deduction that it ia a very j 
weak base, Li. a substanea which yields up its hydroxyl I 
with great difficulty. Hence the stannous stilts have j 
an acid reactioE and are decomposed hydrolytically. 

Sulphuretted hydrogen gives with stannous salts a 
dark brown precipitate of stannous sulphide, which is 
not ßokible of itself in sulphide of ammonium; from 
yellow ammoninm sulphide, however, it takes up 
sulphur, and then diaaolves with the formation of] 
ammonium thio-stannata Since this is not a simple 
ion reaction, it requires a measuiablc time for com- 
pletion, and so the mixture has to be gently warmed 
and the precipitate extracted more than once with fresh 
sulphide of ammonium. Acids throw down yellow tin 
disulphide from the solution so obtained 

Stannic acid exists in several modifications, which 
change readily the one into the otlier. It is scarcely 
at all soluble in water, properly speakings but it very 
easily forms colloidal solutions from which it can be 
eeparjited by the usual means, sulphiuric acid and 
sulpliates being the most efficacious for this purpose. | 
The solution of tin tetrachloride in water conttiius, 
indeed, no measurable quantity of tetravalent Sn- 
cations, as the thermo-chemical researches of Thomsen 
and the electrolytic ones of Hittorf have shown ; but 
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several of its reactions, more especially the reducing 
actions of solutions of stannous chloride, point to the 
presence of at least a small nnmher of snch ions. The 
solution must then at the same time contain a certain 
amount of non-ioniaed tin tetrachloride 

When a solution of the tetrachloride is neutralised 
hy potaBli or soda, or ammonia, gelatinous stannic acid 
comes down. SincBj as already stated, there is no 
considerable amount of ionised or non-ionised stannic 
chloride in the solution, this reaction may perhaps 
be explained by the circumstance that some colloids 
can remain dissolved in an add solution for a very 
long time, while they coagulate quickly when the 
solution is made exactly neutral. Silicic acid behaves 
in this way ; when a dilute solution of water glass is 
just neutralised, the liquid very soon coagulates, while 
it remains clear in presence of a large excess of acid. 
An explanation is, however, still wanting of the fact 
that the stannic acid readily redissolves in acids after 
having been precipitated by neutralising its solution. 
In alkalies (potash and soda) the precipitated stannic 
acid is of course easily soluble; ammonia is too weak 
for this, or, what amounts to the same thing, the 
stannic acid is too weak for ammonia. 



3. Antimony 



Antimony forms trivalent ions of very weakly basic 
character. In addition, it gives a pentoxide, which is 
the anhydride of a likewise very weak acid. Like 
phosphoric acid the latter esists in various modifica- 
tions, which, however, change much more readily one 
into the other than the phosphoric acids do. 

The salts of trivalent antimony are split up hydro- 
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lytically to such an extent by water that it requires a 
large excess of free acid to retain them in solution. 
In order to have them in a convenient form, use ia 
made of the marked capacity which antimony possesses 
of substituting the hydroxylic hydrogen of organic 
compounds by the monovalent antimonyl radicle, SbO. 
The compounds thus obtained are so stable that they 
continue permanent even in acid solution, this being 
again a conseiiuenee of the very weakly basic character 
of antimony trioxide. Tartaric acid is generally used 
in analysis for this purpose ; the resulting antimonyl - 
tartaric acid is imdecomposed by water and dilute acids 
so long as an excess of tartaric acid is present, and 
hence solutions of antimony salts to which a suihciency 
of tartaric acid has been added are no longer precipi- 
tated by water. 

Sulphuretted hydrogen throws down the orange 
trisulphide from solutions of antimony salts. Since 
this is somewhat soluble iu concentrated hydrochloric 
acid, the precipitation must be done in dilute solution. 
The trisulphide takes up sulphur from a solution of 
yellow sulphide of ammonium, and dissolves with the 
formation of thio-antimoniate ; from this solution acids 
precipitate the yellow -red antimony pentasnlphide, 
with evolution of sulphuretted hydrogen. The theory 
of these reactions has been given already. 

If antimony trisulphide is dissolved in concentrated 
hydrochloric acid to saturation, and the solution then 
diluted with water, a precipitate of trisulphide comes 
down» Now, seeing that the hydroc^hloric acid and 
sulphuret ted hydi^ogen, which are in equilibrium with the 
antimony, bear the same relation to one another in the 
diluted as in the concentrated solution, there appears 
at first sight to be no ground for this precipitation* 




^ 



I 



ANTIMONY; AEaENIC 181 

The cause Hea in the fact that the ionisation of the 
sulphuretted hydrogeu, which is a very weak acid, 
increaaea much more rapidly with dihition than that 
of the hydrochloric acid does ; the latter is already 
ionised to a great extent iu strong solution, and its 
ioniaation cannot therefore go much further. This is, 
however, only one of the factors in the question ; a 
complete explanation would lead to conaide rations of a 
more abstract nature, which would be out of place in 
a book of this size, 

Trioxide of antimony dissolves in alkalies; it is 
thus capable of forming an anion. The composition 
of the crystalline sodium salt shows the latter to be 
monovalent, and to have the formula SbO^^ The 
solution acts as a reducing agent, the SbO^' changing 
into SbO/. 

Of the salts of autimonic acid, the Bodium one con- 
eerns ua most. It ia an acid salt of the type of 
the pyrophosphates, and is made use of as a test for 
sodium on account of its insolubüity. 

Antimony triüuoride is not precipitated by water. 
The investigation of the electric conductivity of its 
solution has shown this to be very smalL The tri- 
fluoride is therefore dissociable only to a minute extent^ 
and its solution contains too few ions to give with the 
hydroxy 1 ions of the water the solubüity-produet 
value for antimony oxide. It is still more stable in 
presence of excess of hydrofluoric acid, formiiig as it 
does a hydrofluo-antimonic acid (analogous to hydro- 
flno-boric acid), which yields even fewer antimony 
ions. 

4. Arsenic 

Arsenic stands midway between the metals and the 
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non-metals ; it hardly exists as an elementary cation, 
but on the other hand it forms compound anions of 
various Muds. Those of the latter which are of 
importance in analysis are the ions of arsenious and 
arsenic acids and the correaponding sulphur compounds. 

Arsenic trioxide dissolves more readily and abund- 
antly in hydrochloric acid thau in pure water. It 
therefore follows that a reaction takes place between 
the ions of the hydrochloric acid and those of the tri- 
oxide, even although the small electrical conductivity 
shows that but few of the ktter can b^ present in 
the solution. The phenomenon cannot be explained by 
the lessening of the ionisation of the arsenious acid 
through the hydrochloric acid, for even if this relative 
alteration is a large one, the absolute increase of the 
non-ionised portion is almost nothing, because of the 
extremely small quantity of acid iona. And since there 
is equilibrium of solution equaDy with this portion 
and with that which is ionised, the solubility cannot 
alter appretäably from this cause. There thus remains 
only the one assumption — ^that arsenic trichloride 
is present in the solution both in the ionised and 
non-ionised condition. The fact that arsenic vola- 
tilises when a solution of the trichloride is heated, 
also tells in favour of this view. At all events 
elementary arsenic cations are to be assumed as pre- 
sent in the solution in question, although there is as 
yet no known method for determining their concen- 
tration. The subject would be advanced by an in- 
vestigation of the solubility of arsenic trioxide in 
other acids. 

Sulphuretted hydrogen throws down the trisulphide 
from acid, but not from alkaline solutions. In neutral 
solutions — especially when there is not much foreign 
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matter present — a colloidal sulphide is formed, and 
this passes through a filter ; it coagulates, however, 
when add is added. The trisulphide is very ditficiiltlj 
soluble ill acids ; hydrooldorio acid of the coneentra- 
tiou that dissolves aDtimouy sulphide readily is with- 
out effect upon it— a fact that can be made use of in 
separating the two compounds. This behaviour de* 
piiods not merely upon the sparing solubility of the 
sulphide of arsenic, but also to at least an equal 
extent upon the eircumstance that arsenic forma 
cations with greater difficulty than antimony. 

Trisulphide of arsenic is soluble not only in sul- 
phide of arnmoniumj but also in ammonia, and even in 
ammonium carbonate, this last reaction being utilised 
to separate it from the sulphide of antimony. The 
reaction is due to the cii'CumBtance that the oxygen 
in both arsenious and arsenic acid« can be rephic^jtl 
by sulphur in almost any proportion without the con- 
ditions of solubility and stability undergoing any 
material change. 

Arsenic acid is not at first precipitated by sul- 
phuretted hydrogen, but a reaction gradually s^^ts in, 
sulphur being separated and a mixture of trisulphide 
and pentasulphide thrown down.^ This process is 
hastened by the presence of free acid and by warming, 
but is so slow at best that it is more convenient and 
efficacious to first reduce the arsenic acid to axseuious 
by some suit^thk reducing agent such as sulphurous acid. 

No arsenic volatiHses when a solution of arsenic 
acid is wanned, for no measurable quantity of penta- 
chloride is formed, and arsenic acid is not volatile 
itself 



' Cf, Brauner and Tomifek, Jgum. Chenu Svc. (Trans.)i vol 
p, 145 (isas). 
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1, General Properties 

The capacity to form elementary cations may be re- 
garded as a charticteristic property of the metals. On 
the other hand, elementary anions come solely from 
the non-metals. Bnt just aa the metals can form 
compoimd anions, so can the non-metals give rise to 
compound cations. True, the number of these latter 
is much the smaller of the two; among inorganic 
coraponnds we have only ammonia, and among organic 
the substitution pruducts of ammonia, together with the 
analogous organic compounds of phoaphorna, arsenic 
and antimony, and the bases of the sulphnr group. 
The iodonium bases, recently discovered by Victor 
Meyer, have also to be included here. 

On aeoonnt of their more complex nature, it is 
much less easy to classify the anions than the 
cations, most of which are elementary. The most 
convenient arrangement is according to the valency, 
which keeps together the substances constituting 
natural groups, even if it also includes some that are 
less nearly related. We shall accordingly take first 
the monovalent halogens, whose compound anions ure 
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also mainly monovalent ; second, the divalent sidphur 
group with the likewise divalent compound anions; 
third, the trivalent compound anions of the phosphorus 
group (trivalent elementary anions are unknown); 
andj kstj the tetra- and polp^alent anions. 



2. Tlhe Scdogens 

Chlorine, bromine and iodine constitute a closely 
connected group of monovalent anions, whose pro- 
perties alter regularly with rise or fall of atomic 
%veight. The spe^^ific reagent for them is silver, 
which gives sparingly soluhle white to pale yellow 
precipitates that blacken on exposure to light, especi- 
ally when there is an excess of silver present. The 
same reaction is Bhow^l by the mercurous, the thallous, 
and — in a lesser degree — by the cuprous ion. The 
monovalent bismuthyl, BiO, is also to b# included 
here. 

The tendency of the halogens to ionisation de- 
creases with increasing atomic weight Since, liow- 
ever, the solubility of the iodine compounds is usually 
least, it often happens that they appear to be more 
stable under certain conditions than the corresponding 
chlorine and bromine ones. With regard to this the 
I'ule holds that, in reactions in which free halogen is 
liberated, iodine is the weakest; in pure ion-reaetionSj 
on the contrary J i.e. in cases of double decomposition, 
iodine often holds the upper hand. For this reason 
iodide of potassium yields chloride of potassium and 
free iodine when treated with chlorine, while chloride 
of silver is converted into the iodide on digestion 
with iodide of potassium ; chloride of potassium has 
no effect upon silver iodide. 
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The two conditions just mentioned therefore form 
the basis of the various processes for separating the 
halogens from one another. There are a number of 
weak oxidising agents, like the ferric and eupric salt.s, 
whose action is sufficient to overcome the slight 
tendency of iodine to ionisation, but which are unable 
to change brouiiue or cldorine ions into the free element. 
The action is usually only a partial one ; it can, how- 
ever, be made complete in practice by removing the 
free iodine as it is formed, and thus doing away with 
its mass-action. This is generally effected by distilla- 
tion, but it may also be done by shaking up with 
another solvent, such as bisulphide of carbon. 

The same method can be applied for separating 
bromine from chlorine, if a suitable oxidising agent for 
the purpose be used, Bancroft's measurements of the 
electromotive force of different oxidising and reducing 
agents showed that only iodic acid (ie. potasaic iodate 
aud sulphuric acid), among the substauees that he 
examined, would be avaihible ; and, since then, a 
proceas based on this principle has been tested and 
elaborated into a good working method by S. Eugarsky 
{Zeitschrift für anorganische Chemie, vol. x. p, 387, 
1895), Possibly a solution containing hydrate of 
peroxide of manganese and sidphurie acid at the 
ordinary temperature might also answer, the bromine 
being removed by ehaking up with chloroform or some 
similar solvent. 

For the quantitative determination of two halogens 
occurring together, indirect analysis may be resorted to 
with advantage, if there be uot too great a difference 
between the amounts of the halogens present. The 
simplest form of this process is first to determine 
Yolumetrically the quantity of silver required for 
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complete precipitation and then to weigh the precipi- 
tate. From the filmst nieaeurement we can calculate 
how much the precipitate would weigh if it contained 
only one or the other of the halogens ; the differences 
of these two nmnbers from that ohserved stand in- 
versely as the ratio of the amounts of the two halogena. 
Or, the halogeiia may bo completely thrown down hy 
silver solutioa and the pi'ceipitate weighed ; the latter 
then converted entirely into the salt of the stronger 
halogen hy heating it in a stream of the latter and 
the precipitate weighed again. The calcidation is 
similar to the one ahove. 

An explanation has already heen given of the 
behaviour of the silver compounds when one of the 
halogens is present only in very small quantity. 

Fluorine differs greatly from the three halogens 
already spoken of. It does not form insoluble com- 
pounds either with silver or with the otiier metals that 
have heen mentioned, hut it does yield such with the 
metals of the alkaline earths, with which chlorine, 
bromine and iodine form soluble salts. Here, again, 
we have the same deviating behaviour on the part of 
the element with lowest atomic weight that was notice- 
able in lithium and beryllium. The usual test for 
fluorine depends upon tlie formation of the volatile 
silicon tetratluoride, which decomposes with water into 
silicic and hydro-sUicofluorie acids. 

Of the free halogens iodine is the moat easily tested 
for, because of the blue coloration that it gives with 
starch solution. The colour is that of an easily dis- 
sociable addition -product or of a solid solution of the 
two substances ; when warmed, the compound breaks 
up into its two constituents and the colour vanishes, 
to reappear again when the solution is cooL Iodide 
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of starch apparently dissociates to a very Gonaiderable 
extent at the ordinary temperature also, for the iodine 
behaves in this compound almost like free iodine ; in 
some processes which only complete themselves slowly, 
however, the retarding influeuoe of the starch shows 
that the concentration of the free iodine has been 
diminislied by its presence. 

Another very delicate reaction shown by iodine is 
its intense reddish-violet colour when in solution in 
carbon disulphide or chloroform, etc, Being much 
more soluble in these than in water, it is taken up by 
them from the latter almost completely when the tw^o 
liquids are shaken up together ; the division-ratio with 
carbon disulphide is 1 : 410. On the other hand, the 
ions of iodine are far more soluble in water than in any 
other solvent. Accordingly, therefore, as the iodine 
is brought into the molecular or the ionic state, it 
parses into solution in the one or the other solvent on 
being shaken up. Use may be made of this for the 
determination of very small quantities of iodine. The 
iodine is set free by a suitable oxidising agent and 
taken up with carbon disulphide^ and this solution — 
after separation from the other — is titrated with 
thiosulphate until it becomes colourless, the mixed 
liquids being shaken up together after each addition 
of thiosulphate. Nitrous acid is used as the oxidising 
agent, which must not be allowed to remain mixed 
with the disulphide of carbon. The passage of iodine 
from one solvent to another is beautifully shown by 
gradually adding chlorine water to a dilute aqueous 
solution of au iodide, a little carbon disulphide having 
previously been dropped in. Free iodine is liberated 
at first and the disulphide becomes violet, but as more 
chlorine is added the solution ultimately turns colour- 
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again, from the iodine changing into the ion of 
iodic acid, which then dissolves in the water. 

Bromine does not affect the convereion of iodine 
into iodic acid so well as chlorine does, its tendency to 
ioniaation being distinctly leaa ; bromides of iodine can 
therefore exist in the solution without passing into 
hydrobromic and iodic acids, ie. into the ions of 
bromine, iodic acid, and hydrogen. The resvüt of this 
—especially in concentrated solutions — is that the 
carbon disulphide becomes yellowish -brown from dis- 
öolved bromide of iodine^ which is not decomposed by 
water; and it is only after large dilution (when 
ionisation is promoted in a corresponding degi'ce) that 
the reaction shown by chlorine takes placa 

Free bromine \e eaauy recognised by its odour and 
by the yellowish -red colour of its solutions. Like 
iodine it is much more soluble in carbon disulphide 
and similar solvents than in water, and mn therefore 
be concentrated by shaking up with these, its recogni- 
tion being thereby much facilitated. Its quantitative 
estimation is always an indirect one^ the bromine being 
replaced by iodine througli the addition of an iodide^ 
and the iodine then titrated with thiosulphata Free 
bromine cannot be titrated with the latter^ because it 
does not convert it into tetrathionate, but into sulphuric 
acid, free sulphur, etc. 

Iodine and bromine, and also chlorine in a lesser 
degree, are much more soluble in solutions of their 
salts and hydmgen acids than in water alone. This 
is a proof that part of the halogen is not present in 
the solution in its ordinary state ; the portion reinaiu- 
ing over and above that of the amount soluble in piu-e 
water must be there in some other form. It has been 
sbowB that the free halogen unites with the ion of the 
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same name to a compound monovalent ion I^' or Br^', 
which is partially dissociated The reactions of the 
free halogens, as we know tbem in aqueous solution, 
are therefore essentially reactions of these double com- 
pounds, although we must not forget that the latter 
split off free halogen very readily. 

Chlorine in the free state is also recognisable at 
once by its odour, and the quantitative estimation is 
effected iu the same way as that of bromine, i,€, by 
determining the equivalent amount of iodine which it 
expels from iodide of potassimn solution. On account of 
its volatility it is often condensed first in cold dilute 
alkali, with wliich it forms a mixtm^e of (non- volatile) 
hypochlorite and chloride, this mixture giving up its 
chlorine again on treatment with acid. If, however, 
the liquid is allowed to stand for some time, a part of 
the hypochlorite changes into chlorate, which is only 
Blowly decomposed by acids ; hence in such cases it is 
very easy to get too low results. 

3. Cyanogen and Thiomjanogcn 

The two compound ions cyanogen, CN', and thio- 
cyanogen, CNS', resemble the halogens closely in many 
of their reactions, more especially in yielding silver 
salts just like those of the halogens. 

Cyanogen is remarkable for the readiness with 
which it forms complex ions, in which the ordinary 
cyanogen reactions are no longer apparent. Thus we 
do not find in yellow prnssiate of potash the poisonous 
properties characteristic of every compound containing 
cyanogen ions. The more important of these complex 
ions have been abeady described imder the metals, 
where attention has also been drawn to their very 
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different relative stabilities. Moat of the analytical 
rea<3tioiiB of cyanogen depend upon the foimation of 
such complexes. 

One of the most convenient and delicate tests for a 
cyanide consists in the formation of ferric ferrocyanide 
or Prussian blue. To the liquid under examination 
an excess of ferrous aud ferric salts and then caustic 
potash lu-e added, the mixture being afterwards warmed 
for a little. If cyanogen ions are present, potaasic ferro- 
cyanide is thus formed^ and the characteristic blue 
precipitate appears after acidifying ; when only traces 
of cyanogen are being dealt with, this blue precipitate 
is replaced by a bluish-green coloration. It is to be 
noted that the above alkaline solution must be warmed 
for some time, for the production of ferrocyanide is not 
a simple ion reaction, and therefore does not take place 
immediately. 

Another extremely dcliaite test is to evaporate a 
little of the solution at a gentle heat along ynth an 
excess of yellow sulphide of ammonimn. The cyanogen 
ia thus changed into ammonium thiocyanate, which is 
readily detected by its well-known reaction with ferric 
salts. 

For the quantitative estimation of cyanogen we 
have either to precipitate with a silver solution and 
weigh the dried silver cyanide, or to follow the volu- 
metric method given on pp. 167, 168. 

ThiocyäDogeu ia characterised by the deep blood- 
red coloration which it gives with ferric salts* This 
colour is due to the non-ionised portion of the salt, 
and is therefore weakened or intensified by any causes 
which go to increase or diminish tlie Ionisation. Thus 
the red colour is lessened by adding a neutral salt like 
sodic sulphate to the liquid. For, the effect of the 
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added sulphuric add iona is to convert a portiou of 
the ferric ions into non- ionised salt, since ferric 
sulphate — as the salt of a dibasic acid — is less dis» 
Bociated than the thiocyanate. On the other Imnd, 
the reliction becomes more distinct when the liqmd 
is shaken up with ether, for then the non-ionie^d red 
ferric thiocjanate is takeu up by the ether, and new 
S4Üt must therefore be foimed in the aqueous solution. 
When thiocyanate of potassium and a lerric salt are 
mixed in eqmvalent quantities, we by no means get the 
maximum colour effect ; it bc*comes greater on adding 
an excess of either the one or the other, because the 
increase of one of the two ions causes a change in the 
equilibrium in the direction of an increased production 
of non-ionised ferric salt. No coloration is obtained 
at all with solutions of colloidiil ferric oxide, since 
these contain no ferric ions, and the same applies 
to a solution of red prussiate of potash. 

Thiocyanogen is determined quantitatively by pre- 
cipitation with nitrate of silver, or — in pre^nce of 
other substances precipitable by silver— by oxidation 
to sulphuric acidj the latter being then estimated in 
the usual way. 

4. The MoTiobanc Oxygen Acids 

The acids HNO^, HCIO^, HCIO^, HBrO^^ and HIO^ 

resemble one another just as the halogen acids do. 
Their chief characteristic hes in their forming almost 
only soluble salts ; iodic acid, which stands at the 
outside limitj constitutes an exception, some of its 
salts, more especially the barium one, being sparingly 
soluble. Barium bromate is more soluble, and the 
chlorate the most soluble of the three. 
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The analytical reactions of these anions do not 
[depend upon ion-reactious proper, but upon the readi- 
[Hess with which oxygen is given off, and the eonae- 
Bnt production of suhstances that are eaay to 
ogoise. The salts of the iona CIO, ClO^, ClO^, ClO^, 
BrO^ and 10^ pass, on heating, into salts of the 
halogens themselves, which can then he tested for in 
the ordinary way. It is noticeable here that the 
oxygen compounds are more stable the more oxygen 
they contain, this being just the reverse of what we 
might have expected, judging fi-om the analogies in 
other groups. 

The most convenient test for nitric acid is that 
with a ferrous salt in solution in concentrated sulphuric 
acid; when the liquid containing nitrate is poured 
carefully on to the top of this, a brownish- violet ring 
is produced where the two layers meet. The colour is 
due to the formation of a complex cation which 
contains the elements of nitric oxide in addition to 
iron. This follows from the fact that all ferrous salts 
give the reaction, wliatever their acid may be. The 
complex irou-nitric oxide ion is not very stable, being 
destroyed when the liquid is boiled. This arises from 
the small portion of nitric oxide present through 
Ionisation being carried away by the steam; hence 
fresh nitric oxide must be set free in order that equi- 
librium may be re-established, and so on imtil the 
compound is entirely broken up. The same thing 
must take place when an indifferent gas is passed 
through the solution (although I have never heard of 
the point being actually investigated). 

The quantitative determination of nitric acid is 
based upon the same reaction, either the amount of 
ferrous salt oxidised being estimated, or the evolved 
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nitric oxide measured. The former method is the 
more convement^ but can only be followed in the 
absence of other oxidising or reducing substances ; tlie 
latter — Schloesiüg's method — ^is more complicated but 
of wider application. The iodometric method may also 
be employed in the absence of reducing agents. 

The various oxygen compounds of chlorine are dis- 
tinguiahed qualitatively by their different stability. 
Hypochlorous acid is decomposed even by cold dilute 
hydrochloric acid with evolution of chlorine, chloric 
acid only upon warming (with hydi^ochloric), and per- 
chloric acid not at all in this way.^ The quantitative 
estimation is made by ineasm-ing the oxidising effect, 
this l>eing moat easily done with hydriodic acid, ie. 
potasflic iodide and hydrochloric acid. Hypochlorous 
acid acts instantaneously, while chloric acid requires 
as an oxidising agent a considerable time. 

Perchloric acid cannot of course be estimated in 
this way, but it may be thrown down as the sparingly 
soluble potassium salt by adding acetate of potassium 
and alcohol It is necessary here to add a large excess 
of the acetate, Perchlorate of potassium being com- 
paratively soluble (if. from a quantitative point of 
view). If this process is objected to, the Perchlorate 
has to be converted into chloride by heating. 

Bromic acid is not decomposed very quickly by 
hydriodic acid, but both iodic and periodic acids break 
up with the latter instantaneously. In this reaction the 
bromic changes into hydrobromic acid, le. the bromine 

^ On account of tliis extremely slow rate of oxidatioD, a determifi&- 
tion of perchloric acid in pi-esence of others of smaller oxidation - 
potential cäiitiot be carried out by means of aii oxidUing agent of 
iatermediate potential (com]>ave the method with iodic add, p, 186). 
Thia point haa apparently beeu misimder stood} which has led to 
erroDOOUS expla nation 9 of the facts. 
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assumes the ionic state^ while iodic and periodic acida 
allow their iodine to become frea The amount of 
iodide liberated is the same for bromie aa for iodic 
acid, Le. six atoms of iodine to a molecule of acid. 

It is very noteworthy that the lower oxygen acids 
of chlorine and bromine are extremely weak acids ; the 
addition of oxygen to the very strong hydrogen acids 
has thus had the effect of reducing the Citpaeity for 
Ionisation in an extraordinary degree. Nothing is 
known aa to the cauae of tliis phenomeuon, which 
stands in striking contrast to the w^ell-known acidifying 
action of oxygen, but it might he sought for hi a cliange 
of valency in the halogen ] the negatively acting 
sulphur of the alkyl sulphides, for instance, acqiiires a 
markedly basic character after being transformed into 
the tetravalent sulphur of the sulphines. The sudden 
transition only takes place, as a matter of fact^ in the 
change from hydrogen acid to the lowest oxygen one ; 
in the series of oxygen acids themselves the strength 
increases regularly with increase of oxygen. 

5. TJie Acids of Sulphur 

Sulphur forms a large number of difiFerent anions 
with oxygen, all of which are divalent. The sulphui' 
ion itself is also divalent, but in aqueous solution the 
water changes it for the most part into the monovalent 
. i^n SH', although a certain quantity of divalent sulphur 
ions S'' must also be taken as being present, more 
especially when the aqueous solution is concentrated. 

The solutions of sulphuretted hydrogen are very 
little dissociated, and then almost exclusively into H* 
and SH'. This dissociation is lessened still further by 
the presence of other stronger acids, in proportion to 
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the concentration of the hydrogen ions. The solvent 
actioE of acids upon certain metallic sulpliidee depends 
upon this (as given at p* 81), the action being greater 
the greater the concentration of the hydrogen ions* 
The solubihtj of the metallic sulphide in water also 
enters into the question here, as has likewise heen 
already explained. 

The odour of sulplmretted hydrogen renders its 
detection easy. Its presence e^n also he proved by 
the blackening which it produces upon a piece of filter 
paper moistened with acetate of lead solution. The 
quantitative estimation is made either by precipitating 
it aa a metalHc sulphide, or hy measuring its reducing 
action ; a solution of iodine is the most convenient to 
use in the latter case, the iodine being reduced to 
hydriodic acid. This volumetric estimation is very 
easy and accurate, and is therefore to be preferred to 
the other, care being taken to dilnte largely and to 
guard against any possible escape of sulphuretted 
hydrogen during the operation. 

The sulphur ions, as they exist in solutions of 
alkaline sulphides^ give a beautiful violet coloration 
when a nitro-prusside is added, this being probably 
due to the production of a new anion. Even in the 
alkaline solution the colour is very evanescent, while 
it disappears at once if the solution is acid. The 
brown spot which a solution of alkaline sulphide pro- 
duces on a silver coin is also characteristic ; and the 
reaction is one of general application, seeing that all the 
oxygen salts of sulphur are reduced to sulphides when 
heated with a mixture of sodium carbonate and charcoaL 

Of the oxygenated ions of sulphur that of sulphuric 
acid is the most important. It is both recognised and 
determined as the very insoluble barium salt. On 
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account of the extremely slight solubility of the latter, 
it liaa a great tendency to come down as yery fine 
powder, the adsorptive action of whicli may give rise 
to very consideral)le errors in quantitative estimationa 
The way to avoid this is to hring down the precipitate 
in as large grams as poaaiblej i.e. to precipitate in a 
somewhat hot and acid solution. The solvent action 
of the acid can be compensated for by using an excess 
of precipitant This carrying down of dissolved sub- 
stance by the precipitate is most marked when feme 
salts are present, the production of a " solid solution " ^ 
being aaaumed here. Küster lias recently shown that 
this canying down of ferric hydroxide is due to the 
formation of a complex ferri-sulphiuic acid (analogous 
to the chromium compound already known), and that it 
can be avoided by getting the ferric ions out of the 
solution. This may be done either by precipitating 
with ammonia, adding barium chloride, and then 
redissolving the ferric hydroxide with hydrochloric 
acid ; or by converting the ferric ion into a complex 
one by means of ammonium oxalate. 

In determining sulphuric acid we have sometimes 
to bear in mind the fact that it may be present as a 
complex compound, the compounds of chromium more 
particularly showing a tendency to this (c£ p. 152). 
Fusion with an excess of alkaline carbonate destroys 
the complex acids and converts them into sulphates. 

Sulphurous acid is a far weaker acid than sulphuric, 
hence the sparingly soluble salts that it forms with 
barium, lead, etc., are soluble in acids. Its detection 
— apart from t!ie odoin* — depends on the one hand 
upon the i-educing actions which it shows, and on the 
other upon the proof of the sulphuric acid resulting 
1 Cr. Villi 't Hoif, ZeiiBckr. physik. Chemie, voL v. p. 322 (1890). 
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trom its oxidation. A third teat is the reduction of 
Bulphitrousacid by nascent hydrogen, when sulphuretted 
hydrogen is formed, this last reaction being shared in 
common v^ith all the other oxygen acids of sulphur 
excepting eulphuric- The ready formation of sul- 
phuretted hydjogen appcai^s to be a property of those 
compounds of sulphur which contain one atom of 
hydrogen linked to sulphur. 

The reducing effect of sulphurous acid is strikingly 
shown in presence of iodic ajcid, when free iodine is 
liberated. Hydriodic acid is at first formed, and this at 
once acts upon some more of the iodic acid to produce 
iodine and water. Expressed in terms of the electrolytic 
dissociation theory, iodine ions, together with those of 
iodic acid, cannot exist in presence of hydrogen lone ; 
they immediately pass into the non-ionised products 
iodine and water. 

Sulphurous acid differs from the other oxygen acids 
of sulphur, about to he mentioned, by not giving any 
deposition of sulphur when treated with hydrochloric 
acid^ but only liberating sulphur dioxide (as the others 
do also), Ditliionic acid forms an exception, being 
decomposed under these circumstances into sulphur 
dioxide and sulphuric acid. 

Free thioaulphuric acid is imknown, the salts only- 
being capable of existence. It may be asked- — Why 
sbould not the ion S^O^'' be as stable in an acid solution 
as in a neutral or alkaline one, seeing that we have to 
do with the same ion in all three cases ? The answer 
is that this ion cannot exist alongside of hydrogen ions, 
since it is able to yield sulphur and sulphurous acid — 
i.e. non- ionised and more slightly ionised substances 
— with the latter. The reaction is not an ionic onej 
and therefore does not take place instantaneously ; the 
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time required for it depends upon the concentration of 
the hydrogen ions. 

The thiosulphatcs fiiul an important application in 
iodometric analysis. Two atoms of iodine pass here 
into two negative iodine ions, the necessary ion charges 
being taken from two S^O/' ions, which lose two 
valencies and coalesce to the ion S,0 .". 

The other halogens do not react in this way with 
the thioaulphates, but yield sulphuric acid and free 
sulphur. This difference in behaviour is to be traced 
to the fact that the tetrathionates too are oxidised by 
chlorine or bromine, giving sulphuric acid and sidphur. 
There appears to be no oxidation of the latter substance 
so long as an excess of thiosulpluite is present, and 
hence the quantity of halogen may be calculated from 
the amount of sulphuric acid formed. It is, however, 
much simpler to allow the halogen to act upon iodide 
of potassium and then to titrate the separated iodine 
with sodium thiosulpbate. 

One of the two hydrogen atoms in thiosulphuric 
acid is linked directly to sulphun It is therefore 
replaced with great readiness by the lieavy metals, 
which have a strong affinity for sidphur, and the 
resulting compounds are but very slightly ionisable 
at this point (ix. do not readily give up the metal 
as an ion). Hence many sparingly soluble metallic 
salts dissolve in an excess of thioanlphate by changing 
into complex anions which contain the metal linked 
to the sulphur, and in whose solutions there are 
extremely few metallic ions. From soluble metallic 
mltn the thiosulphatcs generally first precipitate the 
sparingly soluble thiosulphate of the metal in question, 
and this then dissolves in the excess of thiosiüphate to 
the salt of the metallo-thiosulphonic acid. The com- 
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pounds of copper, i&ad, süvei-, mercury, 
examples in point. The thiosulphonates of the metals 
are by no means stable ; most of them decompose in 
a neutral aolutioUj and all of them in an acid one into 
metallic sulphide, sulphuric acid, sulphur, etc. This 
Uittier reaction is likewise applied in analysis to throw 
down the sulphides of the copper group without the 
use of sulphuretted hydrogen. 

The phenomena which are dependent upon tlie 
presence of the atomic group SH are also shown by 
sulphiu'ous acid, which likewise contains an atom of i 
hydrogen linked to siilphui* ; but here they are less 
pronounced, and there is no transformation into 
metallic sulphide, because the acid contains only 
one atom of sulphur. Still, chloride of silver (for 
example) is almost as soluble in sodium sulphite as in 
the thiosulphate. The formation of such complexes, 
in which the metallic ion is present for the most part 
in the non-ionised state, can be proyed not merely 
by the solution of the sparingly soluble salts, but also 
by the measiu^ement of the eleetromotive force of the 
metals in question in such solutions, for under those 
conditions the electrical position of the metal appears 
to be more or less displaced towards the zinc side. 



6. Garbonic Acid 

Carbonic acid is one of the weakest acids that still 
possess the true acid chamcter. Its aqueous solution 
indeed shows an acid reaction, but it only changes | 
blue litmus to a wine red, and not to a bright red as 
the stronger acid^^ tlo. This arises partly from the 
small ccmcentiation that can be attained in an aqueous 
solution of carbonic acid, because of its sparing solu- 
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^ty at atmospheric pressure ; when the solubility is 
creased by the application of a stronger pressui'e, the 
bright red coloration sets iu. 

Of the salts of carbonic acid only those of the 
aikahes are soluble in wuter ; the mettils of the alkaline 
earths form soluble bicarbonatea, which are, however, 
very unstable, existing only in presence of an escess 
of cai^bonic acid, and therefore breaking up partially 
in the cold and completely when the liquid is boiled 
The reason of this is that one of the decomposition 
products — the carbonic aciil — is carried away by the 
vapour of the boiling water, so that the decomposition 
must go on until it is complete. The aokitions of the 
alkaline carbonates have an alkaline reaction; the 
tendency which carbonic acid has to change into a less 
dissociated condition gives rise to the formation of acid 
carbonate, ix. of HCO'^ ions, for which the requisite 
hydrogen must be abstracted from the water. The 
hydroxyl then remaiuing over causes the alkaline 
reaction. 

The property which carbonic acid shows of not 
forming normal salts with weak bases is also connected 
with the marked weakness of the acid Hydrolysis 
sets iu, and the precipitate contains a mixture of 
Ciirbonate and hydroxide, the proportion of the latter 
to the former increasing with tlie amount of water 
present H. Eose made a series of extended observa- 
tions upon this point a very long time ago (in 1857), and 
his results all iell out in tlie direction just indicated. 

Carbonic acid is easily recognised by the readiness 
with which it passes into gaseous carbon dioxide, 
which escapes when almost any acid is added to a 
soluble or even insoluble carbonate. The strength of 
carbonic acid is so very slight that the influence of the 
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''insolubility" in the latter instance is practically 
nothing; the decomposition of acetate of lead by 
carbonic acid is almost the only case of the kind that 
has been investigated to any extent. The qualitative 
test for carbonic acid is made with lime water, from 
which it precipitates carbonate of calcium. It is deter- 
mined quantitatively either by absorption with sodii- 
lime, or, when present only in very sroall amount, by 
receiving it in a measured volume of baryta-water of 
known strength, allowing the precipitate to settle, and 
then determining with standard acid the excess of 
baryta remaining in solution. 

Carbonic acid is an invariable constituent of ordinary 
distilled water, into which it passes from the water 
originally taken. Part of it escapes when the water 
stands open to the air, but another part remains per- 
sistently behind. It may be displaced with tolex'able 
completeness by passing a emreut of air free from 
carbon dioxide through the water for a long time. By 
this procedure the water remains pnrer than after 
boiling, as a very appreciable amount of material is 
usually dissolved from the glass in the latter case. A 
current of hydrogen is used if it is at the same time 
desired to prevent ingress of oxygen into the water. 



7. Phosphoric Acid 

In ortho- phosphoric acid, H,^PO^, we find 
influence exerted by the gradual ionisation of the 
hydrogen atoms of polybasic acids (which was discussed 
on p. 61), showing itself in a very marked degree. 
While the dissociation of the first hydrogen ion corre- 
sponds to that of an acid of medium strength, the 
second behaves like the ion of a weak acid, while the 
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third is hardly capable of replacement at all in acjueous 
solution, the only soluble tri-metallic phosphates — those 
of the alkali metals and of ammoniimi— being broken up 
almost completely by hydrolysis into the bi-inetallic 
phosphates (i.e. their ions) and free alkali. In other 
words, we find in the aqueous solution of the salt, 
Na^PO^, in addition to the aodium ions, not the trivalent 
ion PO/", hut the divalent ion HPO/' and hydroxyl, 
OH', The reason of this is that the tendency to ion- 
*tion of the third hydrogen atom m much smaller 
I that of the water ; when, therefore, the salt 
Na^PO^ is dissolved in water, the ion PO/" immedi- 
ately act3 upon the latter, thus — 

PO;" + H' + OH^ = PO^H'^ + OH', 

This difficulty of substitution is not ahown in 
the case of sohd and therefore of sparingly soluble 
salts. The hypothetical explanation of the phenomenon 
is that the development of a negative ion charge 
must be far more easy to bring about on a neutral 
atomic complex than on one which is already negatively 
charged, since the work required in the latter case 
must be much greater, other things being eqnah 
And this applies still more to the development of 
the thir^l ion charge. In solid non -ionised salts this 
condition is absent, and the normal tri -metallic 
phosphates are therefore perfectly stable in the solid 
state ; they are, mot'eover, the only phosphates that 
occur in nature. 

These relations are shown very clearly in the 
phenomenon attending the precipitation of ordinary 
sodium phosphate, Ka^HPO^, by a öÜver solution, when 
the weakly alkaline reacting phosphate and the neutral 
silver salt yield a yellow precipitate of tri-argentic 



204 FOUNDATIONS OF ANALYTICAL CHEMISTBY übkv. 



phosphate and a liquid of strongly aeid reaction. The 
oi'diuaiy chemical equation 

gives only an imperfect idea of the reaction, for tlie 
latter is hy no means complete, the liberated nitric 
acid dissolving some of the silver phosphate. The 
following equation is prohnbly more correct, although 
it no doubt also fails to express all that goes on — 
3AgN0y + SNaJlPO^ - Agj^PO^ + 3NaN0j, + H.^NaPO^ ; 

according to this we do not get free nitric acid, but the 
acid-reacting dihydrogen-sodium phosphate (or rather its 
ions)* The fact that the dihydrogen-sodium phosphate 
ha« an aeid reaction is a sign that its solution contains 
hydi^ogen ions; these arise fmm the ionization of 
the monovalent anion H^PO^' into hydrogen and the 
divalent anion HPO^'', thus — 

H2P0; = HP0;' + E\ 
It is worthy of notice that the salts of ortho- 
phosphoric acid with trivalent cations like aluminium, 
iron and chromium are very shghtly soluble indeed* 
There is apparently a general law underlying this 
phenomenon, according to which compounds that are 
built up of ions of equal valency have a special 
tendency to form sparingly soluble salts. The typical 
precipitants for the pronounced monovalent halogens 
are the monovalent cations of silver, mercury and 
copper ; for the divalent alkaline cartli metals the 
divalent ions of sulphuric, oxalic and carbonic acids 
serve as precipitating agents ; while in the case of the 
trivalent ions of iron, chromium and aluminium, the 
phosphates are insoluble in acetic acid, which dissolves 
the other sparingly soluble salts of these metals, Th 
law cannot, however, be reversed; for, although th 
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most insoluble compounds througliout are made up of 
equi-valent ions, there are on the other hand numerous 
aalta with ions of the same valency which dissolve 
readily hi water. There is thua obviously some other 
condition exerting an influence on solubility which 
obscures in many cases the regularity just referred to, 
but what this may be I do not know. 

I*ho3phoric acid is capable of formiug complex 
compounds with various metallic acids, more especially 
with tungstic and raolybdiCi in which the basicity 
of the acid remains constant while the molecular 
proportions of the trioxidcB in question vary. 
Phospho-molybdic acid, which is the most important 
example of this type from an analytical point of view, 
forms very sparingly soluble yellow salts with the 
alkali metals and with ammonium, which dissolve to but 
a very slight extent even in free acid, especially when 
one of their ions is present in excess. This is made 
use of for the detection and quantitative separation of 
phosphoric acid from nitric acid solutions, an excess of 
solution of molybdic acid and ammonium nitrate in 
nitric acid being added to the liquid under examination. 
The mixed solution has to be warmed gently and 
allowed to stand for a considerable time before the 
reaction completes itself. Here, again, we have a 
reaction which is not pui^ely ionic, and hence it requires 
a measurable time. The reaction coidd be followed 
quantitatively by investigating the electric conduetivityj 
tlie specific volume, the colour^ or any other convenient 
property of the solution. 

The complex ions of phospho-molybdic acid are 
stable only in acid solution, being broken up by excess 
of alkah or ammonia into salts of phosphoric and 
molybdic acids. The yellow precipitate thus dissolves 
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readily in ammonia, and the phosphoric acid can be com- 
pletely thrown down from the solution as ammonium- 
magneBium phosphate. This process is extensively 
followed, not merely in analysis, but also for freeing 
the molybdeuura residues frum phosphoric acid, with 
the object of using the molybdic acid over again. 

Ortho-phosphoric acid changes into pyi*o-phosphoric 
acid, H^P.,0„, and meta-pliosphoric acid^ HPO^, by 
giving u]) the elements of water. The meta-acid is 
not a true analogue of nitric acid, as one might have 
expected from the connection between nitrogen and 
phosphorus^ but is like pyi'o-phosphoric acid a condensed 
aeid of materially higher molecular weight than is 
indicated by the formula HPO,j. There are indeed a 
number of different meta-phosphorie acids of different 
molecular weiglits and varying properties. The meta*acid 
present in fused or \itreous phosphoric acid possesses 
the property of precipitating albumen from solntiou, 
and it also giv'es a white silver salt. Pyro-phosphoric 
acid does not precipitate albinnen, but yields a pre- 
cipitate with chloride of barium, which the ortho-acid 
does not do. Neither the meta- nor the pyro^acid 
show^s the reactions of the ortho-acid with magnesia 
mixture or molybdate of ammonium. 

It is important from an analytical point of view 
that these derivatives of pliosphoric acid pass into 
ortho-phosphate or ortho-phosphoric acid when they 
are fused with an excess of alkaline carbonate or 
warmed for a length of time in a strongly acid solution. 
The change takes place with the acids themselves on 
merely letting their aqueous solutions stand ; the dry 
salts can, however, be preserved unaltered. For a 
quantitative estimation the pyro- and meta-phosphoric 
acids are always converted into the ortho-compound^ 
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which is then precipitated as magnesium-ammonium 
phosphate (c£ p, 144). 



I 



8. Phosphorous and Hypophosphorous Acids 

Although these two acids are di- and monobasic 
respectively, thej may he discussed here in connection 
with phosphoric acid, since they are always transformed 
into the latter for quantitative estimation. 

The simplest analytical characteristic of the lower 
acids of phosphorus is the liheration of spontaneously 
inflammahle phosphuietted hydrogen when either they 
themselves or their salts are heated ; at the same time 
reel phosphorus is SüparateA They also act as reducing 
agents, precipitating (e.g.) calomel from an acid solution 
of corrosive sublimate. For the rest they form mostly 
soluhlc salts (barium phosphite is sparingly soluble in 
water though readily in acids) which do not exhibit 
characteristic reactions. 

Whtm these acids come into contact with nascent 
hydrogen they are reduced to phosphuretted hydrogen, 
while phosphoric acid is not. This is exactly the same 
behaviour that we have already found in the case of 
sulphuric acid and the lower acids of sulphur, and it 
presumably stands in close connection with the way in 
which the hydrogen is linked in the acids. For in all 



probability the formula 



/OH 
OP^OH 



expresses the con- 



stitution of phosphoric acid, while the other acids have 

/OH yOH 

the formulae OPA>H and OPf-H , 



There is thus no 



H 



hydrogen linked directly to phosphorus in the first of 
these, but there is in the others. 
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When the acids are pure, they can be distinguished 

from one another by the fact that hjpophosphorous acid 
ßhows with an indicator the sharp point of nentraliaa- 
tiou, upon tlie gradual addition of alkali, that is charac- 
teristic of a fairly strong monobasic acid. The dibasic 
pha^phorouf? acid oti the other hand is marked by the 
aamti peculiarity as the tribasic phosphoric, in that 
the second hydrogen atom is much more difficult to 
substitute in aqueous solutiüii than the first, so that 
their neutral salts are broken up hydrolytically to a 
certain extent and give an alkaline reaction. If, 
therefore, an acid liquid which contains the lower 
acids of phosphorus shows a sharp point of neutralisa- 
tion, only hypophosphorous acid is present; but if the 
change in colour is not sharp, tlicn the liquid contains 
phosphorous acid (other acids which show indistinct 
neutralisation, especially phosphoric, being of course 
absent), although hypophosphorous acid may also be 
present at the same time. 

All the reducing actions effected by the lower aoids 
of phosphorus go on at an exceptionally slow latev 

9. BoTOcic Arid 

Salts of normal boraeic acid, H^EO^, are hardly known J 
for it shares with other weak acids tlie tendency to 
form condenaed acids by the elimination of the elements* 
of water from several molecules of the acid, the residues' 
coalesciug to a more complex compound. The best 
known of these poly basic acids istlie tetraboracic, H^B^O^J 
the acid of ordiuary borax. There are no differencea 
apparent between the various borates in aqueous solu-^ 
tion, so far as the reactions of the boracic acid itself a 
concerned ; sharp and clear reactions are wanting her* 
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Bijrade acid is easily recoguieed by the gieen 
colour which it imparts to the flame of hm-ning alcohol. 
There is a marked distinction between this coloured 
flame and those of the alkalies, fur instance, as it is 
not uectissiiry that the flamti-colouring suhatance should 
be raided to a white beat in this casa The boraeic 
acid volatilises with tlie vapour of the boiling alcohol 
by forming a volatile boraeic ether. The test is best 
made by covering the substance in a small crucible 
with concentrated sulphuric acid, adding plenty of 
alcohol, and then warming until the latter boUs 
and takes fire ; if the flame is coloured green under 
those circumstances, this can only be due to boraeic 
acid. 

Tiu:meric paper furnishes another very delicate test 
for boraeic acid, the original yellow colour being 
changed to a reddish-brown after the paper has been 
dipped into a solution of the acid and dried at a gentle 
heat. Nothing is known as to the cause of this curious 
reaction, but it may possibly be dependent upon the 
following property : — 

Boraeic acid possesses the peculiarity of forming 
complex acids with organic compounds containing 
several hydroxy Is in their molecule, which show a 
fivr more acid reaction than either boraeic acid itself 
or the organic compounds in question. Probably the 
monovalent radicle boracyl, BO, takes the place of the 
liydroxyl hydrogen here, as in the corresponding 
antimony compounds. 



10. Silicw Acid 

Silicic is an extraordinarily weak acid, the only 
soluble salts that it forms being those with the alkali 

P 
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metals. The aqueous solutioua of these are split up 
bydrolytimlly to a very great extent, bo that they 
show a strongly alkaline rt^iictiou ; the free silicic acid 
coutaiuetl in such solutions is not dissolved in the 
ordinary form, but is in tlie colloidal state, and has 
coiiseqtieutly very little power of reaction. The 
ehanges in e<|uilihrium hrought about by a dilution 
or concentration of tbia solution do not therefore 
follow instantaneously, but require a more or less 
considerable time, and the phenomenon of chmnical 
aßer-eßect is veiy pronounced here, in that solutions 
nf the siime composition and at the same temperature 
].K:)ssess by no means the same projierties, but different 
ones, according to the conditions through which the solu- 
tion has passed The electrical couductivity furnishes 
the best means of obscrviug such düferences. 

The silicates of the other metals arc insoluble in 
water; some of them can be decomposed by the 
ordinary mineral acids, but othei'S aro not attested. 
Speaking generally, the more basic a silicate is the 
easier it is to decompose, and hejice it is a rule in 
analysis to bring about this deeomposabiUty thixiugh 
Hcids by first fusing the silicate with an excels of 
the carljouates of potassium aud sodium. By this means 
all the constituents of the silicate excepting the alkalies 
can be determined ; for the estimation of the latter, 
the aLUcate must be treated with hydrofluoric acid. 
To this end the finely powdered mineral is covered 
with an excess of aqueous hydrofluoric acid, and the 
whole evaporated to dryness after the addition of 
sLdphiu*ic acid. The silicon escapes as fluoride, while 
the metals remain behind as sidp bates. The addition 
of sulphuric acid is essential, because sihcon fluoride is 
decomposed by water, and hence some bygi^oscopic 
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substance must be present in order that the volatilisa- 
tion may he complete. 

When silicates are decomposed bj acids, the mlicie 
acid is separated in the colloidal state. According, 
therefoi^, to the degree of concentratian, it either 
remains apparently dissolved (when the solution is 
very dilute), or it separates out in the form of jelly 
or powder. It is then at least partly soluble, whatever 
the conditions may be; so, to render it completely 
insoluble, the whole must be evaporated to dryness, 
and the residue heated for some time to a little 
above 100°. It is necessary to take up this residue 
with dilute hydrochloric acid and not witli water 
alone, as otherwise we get basic chlorides of magnesium, 
iron and aluminium formed, which are not perfectly 
soluble in water. 

The qualitative test for silicic acid depends upon 
its insolubility in a bead of fused sodium meto- 
phospliate. The metals which are combined witli 
the silica to silicates di.seolve in this, 
silicic acid is present — a siliceous " skeleton," i.e. 
undissolved silica swims about in the fused bead. 

Silicic acid hardly shows any ion-reactions proper, 
and at any rate none are applied for purposes of 
analysis. 



leaving — if 
the 



CHAPTER XTTI 



THE CALCULATION OF ANALYSES 



SmcE as a general nilti the substances separated by 
anaLysis, or otlierwi&e quantitativelj determined, are 
not identical with those whose percentages it is the 
aim of the analyst to elucidate (e£ p, 105)^ the insults 
obtained iu the first instance have to undergo sub- 
sequent calculation. According to the fundamental 
stcechiometric laws^ the amounts of substances which 
are capable of transformation one into the other are 
proportional among themselves, and thei^fore the cal- 
culation just referred to merely consists in multiplying 
by a definite factor, which represents the ratio between 
the combining weight of the substance required and of 
that found. In this way we arrive at the amount 
of the particular constituent in the material under 
analysis. The results are usually reckoned upon 100 
parts of the original substance, so that the final numbers 
represent percentages of the various ingi'edients. 

With respect to the calcidation of the ultimate 
constituents, there is a total want of agreement between 
the various branches of chemistry. The most rational 
method is that followed in organic chemistry, where 
the calculation is always madii back to the constituent 
elements themselves, and the results of the analysis 
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stated in this way without reference to any Yiews that 
may be held regarding the constitution of the compound 
analysed. lu inorganic chemistry, on the other hand, 
there is the greatest discrepancy in tliis respect. While 
the results of the analysis of compounds of entirely 
unknown constitution or of mixtures ai'e often given 
in percentages of the cunstitucnt elements, it is usual 
in the ease of compounds whose constitution is known, 
or is supposed to he known^ to group the elements 
into proximate constituenta This naturally allows free 
play for the advancement of special \aews and practical 
considerations of the most various kinds, and there are 
m fact some procedures still in vogue here which 
have been altogether abandoned in the other branches 
of the science. 

The department of mineral analysis afiPords us a 
striking example in point. It is still customary, in 
stating the composition of a complex silicate, to adhere 
to the dualistic formulae of Berzelius, and to give the 
metals as oxides and the acids as anhydrides. The 
reason for this ultra-conservative procedure obviously 
lies in the fact that the arithmetical control of the 
results is most easily attained by so doing, since the 
sum of the constituents thus ealciüated muat be equal 
to the original amount of substance taken, or^in a 
percentage calculation — equal to 1 00. This advantage 
however disappears when halogens are present in the 
compound, since their hydracids- — which contain no 
oxygen — cannot be formulated as anhydrides- The 
analyst often helps himself out in such a case by 
imagining the halogen combined with one of the 
metals present and calculating it aecordiiigly, although 
such a procedure is necessarily an arbitrary one. 

The calculation is still more arbitrary after an 
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analysis of a inixtiire of dissolved salts, such as oecur 
in natural waters. With regard to this, efforts had 
long been made in vain to find some definite baBis for 
the answer to the question — How are the bases and 
acids present combined with one another ? The final 
answer, to which we are led by the dissociation theory, 
is that these are not combined at all, but that they— or 
rather the ions of the salts — lead separate existences, 
to which the only limitation is the law that the sum 
total of the positive ions must be equivalent to the 
sum total of the negative. 

It follows from this that the simplest and best way 
of stating tiie results of an analysis wonld be to give 
only the ultimate elements themselves and their 
relative amounts, and I do not hesitate to recommend 
this procedure as being the most correct in principle. 
Of conrae, by doing this one could not show, in the 
analytical statement of results, in what form the 
various elements were present in the compound ; but 
it seems to me that it would be more appropriate to 
give such particulars separately, and thus to keep the 
actual results of the analysis altogether free from any 
hypotheses. It is true that we can in many cases cite 
experiment in justification of the old procedure, for 
instance, when a compound contains iron both in the 
ferrous and ferric states ; but it is easy to indicate 
this by some suitable sign, by Fe ■ • and Fe ■ • - in the 
example just mentioned. 

Another case in which one would prefer to bring 
groups into the calculation instead of merely the 
elements alone, would be that referred to in the last 
paragraph but one, when we know that the substance 
analysed is a mixture of neutral salts such as occur in 
sea water and other similar natural solutions. We 
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learu (e.g.) from this aoalysis that sulphui* m not only 
present in the solntion^ but that it is preBetit as 
sulphate in the form of the ioB SO/', In such a case 
it is best to give the relative amounts of the ions 
without attempting to combine them together, as is 
still done even now, notwithstanding the definite 
statement in text-boobs that we know nothing for 
certain about the determining causes upon which this 
combination depends.^ A certain difficulty is caused 
liere by carbonic acid, if it is present in excess, as it 
generally is in spring and well waters» The simplest 
plan is to calculate the " combined " carbonic acid as 
CO,^" (which is the ion of the normal carbonates) IVom 
the amoimt of the metallic ions after deducting the 
other anions ; whatever carbonic acid remains over is 
to be given as free carbonic anhydride, CO.^, This ia 
not in truth quite correct, for it is tolerably certain 
that such solutions in which excess of carbonic acid is 
present do not contain the ion CO^'', but the mono- 
valent ion HCO/ of tlie acid carbonates. Since, how- 
ever, these are converted more or leas completely into 
normal carbonates by boiling, it seems permissible to 
disregard this small complication and to reckon the 
carbonates as normal. 

The same rules would apply to all other sncli cases 
in which one was justified in laying stress upon a 
knowledge of the ions present 

* This way out of the difficulty was proposed by C, von Thau long 
before the day a of tlio ionic theory ^ and he applied it practically in a 
immber of iustancea. 
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